Viral characteristics associated with human immunodeficiency virus type 1 infection of the central nervous system early following transmission by Sturdevant, Christa
  i
v  
  
  
VIRAL  CHARACTERISTICS  ASSOCIATED  WITH  HUMAN  
IMMUNODEFICIENCY  VIRUS  TYPE  1  INFECTION  OF  THE  CENTRAL  
NERVOUS  SYSTEM  EARLY  FOLLOWING  TRANSMISSION    
  
  
  
Christa  Buckheit  Sturdevant  
  
  
A  dissertation  submitted  to  the  faculty  of  the  University  of  North  Carolina  at  Chapel  Hill  in  
partial  fulfillment  of  the  requirements  for  the  degree  of  Doctor  of  Philosophy  in  the  
Department  of  Microbiology  and  Immunology  (Virology).  
  
  
Chapel  Hill  
2013  
  
  
Approved  by:  
Ronald  Swanstrom  
Blossom  Damania  
Kristina  Abel  
  
Mark  Heise  
  
Annelies  Van  Rie  
  
  
  
  
    
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
©  2013  
Christa  Buckheit  Sturdevant  
ALL  RIGHTS  RESERVED
ii  
    
iii  
ABSTRACT 
Christa  Buckheit  Sturdevant:  Viral  Characteristics  Associated  with  Human  
Immunodeficiency  Virus  Type  1  Infection  of  the  Central  Nervous  System  Early  Following  
Transmission  
(Under  the  direction  of  Dr.  Ronald  Swanstrom)  
  
Human  immunodeficiency  virus  type  1  (HIV-­‐‑1)  infection  of  the  central  nervous  
system  (CNS)  can  occur  shortly  after  transmission  and  compartmentalized  HIV-­‐‑1  variants,  
genetically  distinct  from  virus  in  the  blood,  can  be  detected  in  the  cerebrospinal  fluid  (CSF)  
in  some  individuals  throughout  the  course  of  infection.    HIV-­‐‑1  replication  can  induce  
neuropathogenesis  and  may  also  represent  a  distinct  reservoir  from  that  found  in  CD4+  T  
cells  in  the  blood  and  lymphoid  tissue.    We  do  not  know  the  time  course  of  the  virologic  
events  that  lead  to  neurological  dysfunction  and  the  potential  establishment  of  a  CNS  
reservoir,  or  the  extent  to  which  these  long-­‐‑term  outcomes  are  predicted  by  the  initial  
aspects  of  virus-­‐‑host  interaction.    In  this  dissertation,  I  examined  the  viral  genetic  and  
phenotypic  determinants  associated  with  CNS  compartmentalization  early  following  both  
vertical  and  horizontal  transmission.    Additionally,  I  examined  CNS  compartmentalization  
over  the  full  course  of  disease  in  simian  immunodeficiency  virus  (SIV)-­‐‑infected  rhesus  
macaques.      
Using  single  genome  amplification  (SGA),  sequencing  and  phylogenetic  analysis,  I  
detected  significant  compartmentalization  in  both  the  pediatric  and  adult  cohorts,  
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predominantly  associated  with  a  longer  time  since  HIV-­‐‑1  infection.    Compartmentalization  
was  also  shown  to  persist  and  evolve  over  a  period  of  up  to  two  years  in  the  adult  cohort.    
Through  the  use  of  Bayesian  Evolutionary  Analysis  by  Sampling  Trees  (BEAST),  I  identified  
and  examined  multiple  variant  transmission  events  and  defined  two  distinct  pathways  to  
compartmentalization:  the  early  sequestration  of  a  transmitted  virus  in  the  CNS;  and  the  
later  establishment  of  an  independently  replicating  population  within  the  CNS  that  
originated  from  the  periphery.    I  also  concluded  via  entry  tropism  analyses  that  in  most  
children  and  adults,  replication  in  the  CNS  is  sustained  by  growth  in  CD4+  T  cells,  while  in  
some  young  children  the  virus  in  the  CNS  evolves  to  replicate  in  cells  with  low  CD4  surface  
expression,  potentially  macrophages  and/or  microglia.    The  observation  of  significant  
compartmentalization  early  following  both  vertical  and  horizontal  transmission,  evidence  of  
adaptation  of  virus  to  the  CNS,  and  the  potential  for  early  CNS  involvement  to  result  in  
long-­‐‑term  neurocognitive  damage  and  reservoir  establishment  adds  further  justification  to  
the  policy  of  prompt  initiation  of  antiretroviral  treatment.  
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CHAPTER I. INTRODUCTION 
 
HIV-1 BACKGROUND 
 
Genome organization and virion structure 
Human  immunodeficiency  virus  type  1  (HIV-­‐‑1)  is  a  member  of  the  Lentivirus  genus  
within  the  Retroviridae  family.    HIV-­‐‑1  is  classified  into  four  groups  (M,  N,  O  and  P),  each  
representing  independent  cross-­‐‑species  transmission  events.    The  M  group,  the  first  to  be  
discovered  and  encompassing  95%  of  the  circulation  viral  strains  worldwide,  is  further  
divided  into  nine  subtypes  (A,  D,  C,  D,  F,  G,  H,  J,  and  K).    Subtype  C,  the  most  dominant  
subtype  worldwide,  in  predominant  in  Africa,  while  subtype  B  isolates  are  the  most  
prevalent  in  Europe  and  North  America  (101).  
The  HIV-­‐‑1  genome,  two  copies  of  which  are  encapsulated  per  viral  particle,  is  a  
single-­‐‑stranded,  positive-­‐‑sense  RNA  genome  approximately  9.7  kilobases  in  length  that  
contains  nine  genes  flanked  by  HIV-­‐‑1  long  terminal  repeats  (LTR):  gag,  pol,  env,  vif,  vpr,  tat,  
rev,  vpu,  and  nef.    These  genes  encode  the  precursors  to  the  structure  proteins  in  Env  and  
Gag  (further  processed  into  the  matrix  (MA),  capsid  (CA),  and  nucleocapsid  proteins  (NC)),  
the  precursors  to  the  non-­‐‑structural  enzymes  in  Pol  (further  processed  into  the  reverse  
transcriptase  (RT)  and  integrase  (IN)  enzymes)  and  Pro,  the  accessory  proteins  Vif,  Vpr,  Vpu  
and  Nef,  and  the  regulatory  proteins  Tat  and  Rev.  
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The  full-­‐‑length  dimeric  RNA  genome  associates  with  the  NC  protein  through  a  short  
packaging  signal  located  within  the  5’  end  of  the  unspliced  RNA.    The  NC-­‐‑RNA  complex  is  
surrounded  by  the  CA  protein,  which  is  arranged  into  a  conical  core  that  also  contains  
several  copies  of  viral  protease  (PR),  IN,  and  RT  enzymes  required  for  productive  infection.    
The  conical  core  of  CA  is  surrounded  by  a  spherical  shell  composed  of  the  matrix  (MA)  
protein,  which  is  embedded  in  the  viral  envelope,  a  lipid  bilayer  gained  during  budding  
from  the  infected  cell,  that  contains  the  Env  protein  associated  in  trimers,  as  well  as  various  
cellular  proteins  (101,  115).  
 
HIV-1 envelope binding and fusion 
HIV-­‐‑1  relies  on  the  Env  spike  to  engage  cellular  receptors  and  fuse  the  viral  and  
target  membranes  in  order  to  enter  host  cells  (9,  259,  342).    Synthesized  and  folded  in  the  
endoplasmic  reticulum,  the  precursor  gp160  is  heavily  modified  by  N-­‐‑linked  glycosylation  
in  the  Golgi  complex  and  folded  into  trimers  with  the  help  of  host  chaperones  (84,  94,  101,  
185).    The  heavy  glycosylation  generates  a  glycan  shield,  providing  protection  against  
neutralizing  antibodies.    The  gp160  trimer  is  proteolytically  cleaved  by  cellular  proteases  
into  the  surface  glycoprotein  gp120  and  the  transmembrane  glycoprotein  gp41,  and  
transported  to  the  cell  surface  for  incorporation  into  virions  (209,  337).    The  surface  gp120  
subunit  contains  conserved  domains  C1-­‐‑C5  and  variable  domains  V1-­‐‑V5.    The  exposed  
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variable  domains  evolve  rapidly  in  response  to  antibody  selection  and  shield  the  conserved  
domains  (321).      
Env  first  binds  the  cellular  surface  receptor  CD4  (67),  a  member  of  the  
immunoglobulin  family  that  is  highly  expressed  on  CD4+  T  cells  and  expressed  at  low  levels  
on  macrophages  (64,  169),  followed  by  binding  with  the  chemokine  coreceptors  CCR5  (56,  
75)  or  CXCR4  (93).    The  binding  of  HIV-­‐‑1  Env  protein  determines  the  cellular  tropism  of  
HIV-­‐‑1  variants.    Attachment  factors  such  as  heparin  sulfate  proteoglycans,  α4β7  integrin,  or  
dendritic  cell-­‐‑specific  intercellular  adhesion  molecule  3-­‐‑grabbing  non-­‐‑integrin  (DC-­‐‑SIGN)  
help  bring  Env  into  close  proximity  to  CD4,  although  these  factors  are  not  essential  for  entry  
(336).    Within  the  gp120  monomer,  the  CD4  binding  site  is  located  within  a  deep  binding  
pocket  that  is  likely  protected  from  antibodies  by  glycosylated  variable  loops  (143,  165).    The  
sequential  receptor/coreceptor  binding  induces  a  conformation  change  that  exposes  the  
hydrophobic  gp41  N-­‐‑terminal  fusion  peptide,  promoting  its  insertion  into  the  target  
membrane  and  forming  the  stable  gp41  six-­‐‑helix  bundle  that  mediates  viral-­‐‑cell  membrane  
fusion  (52,  103,  203,  333).  
 
HIV-1 replication strategy 
After  successful  cellular  attachment  and  fusion,  the  viral  core  is  delivered  into  the  
cytoplasm  of  the  host  cell.    Following  uncoating,  which  releases  the  genomic  RNA  and  
packaged  viral  enzymes,  reverse  transcription  begins,  a  highly  ordered  and  complex  
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reaction  preformed  by  the  viral  RT.    HIV-­‐‑1  RT  contains  two  crucial  domains;  a  DNA  
polymerase  responsible  for  incorporation  of  deoxynucleotides  onto  a  nucleotide  template,  
and  an  RNase  H  activity  responsible  for  degradation  of  the  RNA  strand  of  the  RNA:DNA  
replication  intermediate.    HIV-­‐‑1  is  genetically  very  heterogeneous  due  to  the  error  prone  
viral  DNA  polymerase  and  the  high  recombination  frequency  observed  during  reverse  
transcription  when  a  single  cell  is  infected  by  multiple  virions.    The  linear  DNA  is  then  
integrated  into  the  cellular  DNA  via  the  actions  of  the  viral  IN,  most  often  into  areas  of  the  
cellular  genome  experiencing  active  gene  expression  (288).    Integration  into  host  cells  
enables  the  virus  to  persist  in  the  infected  cell  and  form  latent  reservoirs  when  infected  cells  
become  dormant.      
Integration  of  the  provirus  signals  the  transition  from  the  early  to  the  late  stages  of  
HIV-­‐‑1  replication.    The  synthesis  of  viral  RNA  from  the  integrated  viral  DNA,  performed  by  
the  cellular  RNA  polymerase  II,  generates  RNA  transcripts.    The  viral  Tat  protein  binds  the  
transactivation  response  region  (TAR),  a  bulged  hairpin  structure  on  the  5’  end  of  the  
nascent  viral  RNA,  and  recruits  host  proteins  that  enhance  the  ability  of  RNA  polymerase  II  
to  elongate  down  the  genome  with  high  processivity  (115,  173,  186).    RNA  transcripts  are  
exported  from  the  nucleus  into  the  cytoplasm  for  translation  or  packaging  into  the  virion  
particle.    RNA  export  is  mediated  by  HIV-­‐‑1  Rev,  which  binds  the  Rev-­‐‑responsive  elements  
(RRE)  and  recruits  Crm1,  a  cellular  nuclear  export  factor,  to  the  viral  RNA  (65,  115).    The  
gag,  pro,  pol  and  env  genes  are  then  expressed  to  form  precursor  polyproteins,  which  are  
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further  processed/cleaved  during  and  after  viral  assembly  and  budding  by  the  HIV-­‐‑1  PR  
(156).    
The  HIV-­‐‑1  accessory  proteins  serve  various  functions  in  HIV-­‐‑1  replication.    Nef  
downregulates  the  surface  expression  of  CD4  receptor  (105)  and  the  major  
histocompatibility  complex  (MHC)  class  I  (62)  ,  facilitating  virus  release  and  inhibiting  the  
cytotoxic  T  lymphocyte  (CTL)-­‐‑mediated  lysis  of  HIV-­‐‑1  infected  cell,  respectively.    The  Vpr  
protein,  packaged  within  virion  particles,  facilitates  the  import  of  the  preintegration  
complex  into  the  nucleus  in  nondividing  cells  (245)  and  can  induce  cell  cycle  arrest  (155).    
HIV-­‐‑1  Vpu  enhances  virus  production,  mediates  the  degradation  of  CD4  by  the  ubiquitin-­‐‑
conjugating  pathway,  and  antagonizes  tetherin  (215,  289,  314,  338).      Lastly,  Vif  neutralizes  
the  potent  antiviral  activity  of  APOBEC3G,  found  within  nonpermissive  cells  including  
human  T  lymphocytes,  enhancing  the  infectivity  of  HIV-­‐‑1  (187,  295,  344).  
 
HIV-1 DISEASE PROGRESSION: ACUTE INFECTION THROUGH END-STAGE 
AIDS 
  
Viral  sequences  during  the  earliest  stages  of  horizontal  infection  are  typically  highly  
homogenous,  representing  productive  clinical  infection  by  one  variant  (3,  158,  273).    
Additionally,  vertically  transmitted  viruses  are  often  highly  homogeneous,  characterized  by  
low  diversity  (5,  210,  264,  279).    Due  to  this  transmission  bottleneck,  the  infecting  variant  is  
genetically  less  complex  than  the  diverse  number  of  quasispecies  in  the  exposure  inoculum.    
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Following  transmission,  there  is  an  initial  eclipse  phase,  up  to  ten  days  long,  during  which  
time  infection  is  localized  to  the  exposure  site  (172)  and  systemic  circulation  has  not  yet  
occurred.      
Acute  HIV-­‐‑1  infection  (AHI)  is  associated  with  an  exponential  increase  and  then  
subsequent  decline  in  HIV-­‐‑1  RNA  in  the  plasma  (61,  201).    Peak  plasma  HIV-­‐‑1  viremia  is  
reached  between  fourteen  to  twenty-­‐‑one  days  post  infection  (175)  and  levels  above  one  
million  RNA  copies/mL  can  be  measured.    During  this  time,  individuals  have  a  robust  
inflammatory  response,  characterized  by  a  “cytokine  storm”  (310),  and  can  develop  
symptoms  of  HIV-­‐‑1  acute  retroviral  syndrome,  such  as  fever,  rash,  severe  fatigue,  headache,  
and  diarrhea.    HIV-­‐‑1  replicates  rapidly  and  spreads  throughout  the  body,  resulting  in  a  
drastic  decline  in  CD4+  T  cells,  particularly  in  the  gut-­‐‑associated  lymphoid  tissue  (GALT)  
(34,  194).      
Several  weeks  post  infection  the  HIV-­‐‑1  viral  load  begins  to  decrease  in  response  to  
virus-­‐‑specific  CD8+  CTLs  (32,  229)  and  a  partial  rebound  of  CD4+  T  cell  counts  occurs.    
Patients  progress  from  AHI  to  early  chronic  infection  as  the  plasma  viral  load  begins  to  
plateau  and  a  viral  set  point  is  obtained  (142,  281).    The  acute  and  early  phases  of  infection  
are  referred  to  as  primary  HIV-­‐‑1  infection  (PHI)  (66,  174,  343).  
The  chronic  phase  of  infection  is  a  long  asymptomatic  period  that  can  last  for  years,  
characterized  by  persistent  viral  replication  and  evolution  and  a  steady  loss  of  peripheral  
CD4+  T  cells,  leading  to  immunodeficiency.    According  to  the  U.S.  Centers  for  Disease  
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Control  and  Prevention  (CDC),  HIV-­‐‑1  infected  individuals  are  clinically  diagnosed  with  
AIDS  when  CD4+  T  cells  counts  drop  below  200  cells/µμl,  compared  to  approximately  1,000  
cells/µμl  in  healthy  individuals,  or  when  one  or  more  AIDS-­‐‑defining  illness  (opportunistic  
infection)  is  recorded.    Early  symptomatic  conditions  of  immunodeficiency  include  
candidiasis  and  shingles,  while  more  severe  AIDS-­‐‑defining  conditions  include  HIV-­‐‑1-­‐‑
associated  dementia  (HAD),  cryptococcosis,  pneumonia  caused  by  Pneumocystis  jiroveci  
(PCP),  tuberculosis,  Toxoplasma  gondii  infection  of  the  brain,  Kaposi’s  sarcoma,  and  wasting  
syndrome.    Eventually,  HIV-­‐‑1  infected  individuals  succumb  to  the  opportunistic  infections  
caused  by  severe  immunodeficiency.  
 
HIV-1 PATHOGENESIS: OTHER AGENTS AND OPPORTUNISTIC INFECTIONS 
 
The earliest signs of immunodeficiency 
Mucosal  infections  including  Candida  albicans  and  Pneumocystis  jiroveci  pneumonia  
(PCP)  are  often  early  signs  of  immunodeficiency.    Candida  species  are  normal  inhabitants  of  
the  human  gastrointestinal  tract  and  can  be  recovered  from  the  mouth  in  up  to  one-­‐‑third  of  
normal  individuals  and  two-­‐‑third  of  HIV-­‐‑1  infected  individuals.    Mucocutaneous  
candidiasis  can  occur  in  three  forms  in  HIV-­‐‑1  infected  individuals,  oropharyngeal,  
esophageal,  and  vulvovaginal  disease  (162,  252).    While  immunosuppression  is  a  crucial  
driving  factor  of  Candidia  infection,  other  host  factors  such  as  salivary  flow  rates,  condition  
of  the  epithelial  barrier,  antimicrobial  constituents  of  saliva,  and  the  presence  of  normal  
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bacterial  flora  also  play  a  role  (196,  197).    Candida  albicans  may  also  disseminate  to  other  
organs,  including  the  CNS  where  it  can  result  in  other  complications  such  as  meningitis.  
Pneumocystis  jiroveci  pneumonia  (PCP)  of  the  lungs  is  a  presenting  feature  of  
previously  undiagnosed  HIV-­‐‑1  infection  in  up  to  85%  of  infected  individuals.    A  ubiquitous  
fungus,  PCP  rarely  causes  disease  in  the  absence  of  underlying  conditions,  such  as  
immunosuppression.    While  the  incidence  of  PCP  has  decreased  in  the  HAART  era  (227),  
PCP  remains  a  major  concern  for  HIV-­‐‑1  infected  individuals  who  do  not  know  their  
infection  status  or  are  not  on/cannot  tolerate  therapy  (157).    PCP  infection  has  been  
hypothesized  to  result  from  reactivation  of  latent  infection  or  via  direct  exposure  from  the  
environment  or  an  infected  individual  (206).    While  not  widely  studied,  polymorphisms  in  
the  gene  encoding  the  Fc  segment  of  IgG  have  been  predicted  to  influence  the  risk  of  PCP  
(98).    Previous  PCP,  oral  candidiasis,  and  persistent  fevers  are  also  risk  factors  for  PCP.  
Herpes  simplex  virus  2  (HSV-­‐‑2)  infection  is  also  a  significant  opportunistic  infection  
in  individuals  with  HIV-­‐‑1,  resulting  in  HIV-­‐‑1/HSV-­‐‑2  coinfections  in  up  to  90%  of  HIV-­‐‑1  
infected  individuals  (246).    Primarily  transmitted  via  sexual  contact  and  frequently  
reactivated  following  exposure,  HSV-­‐‑2  infection  causes  severe,  long-­‐‑lasting  sores,  or  fever  
blisters,  on  the  mouth,  genitals,  or  anal  area.    The  prevalence  of  HSV-­‐‑2  shedding  is  4-­‐‑5  times  
greater  in  HIV-­‐‑1  infected  individuals,  resulting  in  increased  transmission,  and  genital  HSV  
reactivation  may  increase  the  efficiency  of  HIV-­‐‑1  transmission  (14,  246).    As  exposure  to  
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HIV-­‐‑1  often  occurs  at  mucosal  surfaces,  prior  or  co-­‐‑infection  with  HSV-­‐‑2  is  a  major  health  
concern  for  HIV-­‐‑1  infected  individuals.    
  
HIV-1 and cancer 
Cancers  will  occur  in  approximately  40%  of  individuals  with  HIV-­‐‑1  infection,  often  
associated  with  infection  with  other  pathogenic  viruses.    The  connection  between  HIV-­‐‑1  and  
malignancies  is  likely  the  result  of  immune  suppression,  which  leads  to  reduced  immune  
surveillance  and  an  inability  to  control  viral  replication  or  the  growth  of  transformed  calls,  
as  well  as  due  to  a  disrupted  balance  of  cytokine  levels  (170).    Additionally,  immune  
suppression  seems  to  be  a  driving  factor  in  HIV-­‐‑1  associated  malignancies,  as  cancers  
developing  in  the  presence  of  HIV-­‐‑1  are  much  more  aggressive  than  those  found  in  
uninfected  patients  (181).      
Kaposi’s  Sarcoma  (KS)  is  a  well-­‐‑demarcated  angioproliferative  multifocal  
malignancy  of  the  skin.    While  the  disease  may  follow  a  less  severe  course  with  restricted  
skin  or  lymph  node  involvement,  in  HIV-­‐‑1  infected  individuals  KS  often  presents  in  its  
aggressive  form  with  widespread  cutaneous  and  visceral  involvement  (92).    KS  lesions  on  
the  skin,  mucus  membranes  and  viscera  are  formed  via  excessive  proliferation  of  spindle,  
endothelial,  fibroblasts  and  inflammatory  cells  as  well  as  the  formation  of  new  blood  
vessels,  or  neoangiogenesis  (263,  270).    KSHV,  also  known  as  human  herpesvirus  type  8  
(HHV8),  has  been  isolated  from  biopsy  samples  of  KS  lesions  (54).    KSHV  is  also  associated  
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with  the  rare  occurrence  of  body  cavity  lymphomas  in  AIDS  patients  (50).    Studies  have  
suggested  that  various  cytokines  and  growth  factors,  including  IL-­‐‑1β,  IL-­‐‑6,  TNF-­‐‑α,  and  GM-­‐‑
CSF,  as  well  as  the  HIV-­‐‑1  Tat  gene,  are  involved  in  the  development  of  KS  (92).      
HIV-­‐‑1  infection  is  associated  with  an  increased  susceptibility  to  B-­‐‑cell  lymphomas  
and  anogenital  carcinomas.    HIV-­‐‑1  infection  increases  the  risk  of  developing  B-­‐‑cell  
lymphomas  over  60-­‐‑fold  compared  to  the  general  population  (24).    Infected  individuals  
heterozygous  for  the  CCR5  Δ32  deletion  have  been  shown  to  have  a  reduced  risk  of  
developing  B-­‐‑cell  lymphomas  (71,  249)  while  subjects  with  SDF-­‐‑1  polymorphisms  may  have  
increased  susceptibility  (170).    EBV  is  the  causative  agent  in  approximately  40-­‐‑60%  of  these  
lymphomas  outside  of  the  brain  and  in  virtually  all  CNS  lymphomas  (182,  296,  301).    EBV  
can  induce  B-­‐‑cell  proliferation  and  enhance  production  of  B-­‐‑cell  cytokines  (i.e.  IL-­‐‑6  and  IL-­‐‑
10),  starting  the  process  of  cellular  transformation  to  lymphomas.    Anal  and  cervical  
carcinomas  are  also  AIDS-­‐‑defining  conditions.    In  approximately  90%  of  such  cancers,  HPV  
promotes  carcinoma  development  (347)  through  suppression  of  cellular  proteins  that  
control  cell  division  (p53  tumor  suppression  protein  and  retinoblastoma  gene  product)  by  
viral  proteins  E6  and  E7  (170).      
  
Opportunistic infections of the CNS  
In  a  small  subset  of  individuals,  the  first  presentation  of  HIV-­‐‑1  is  with  neurological  
opportunistic  infections.    Additionally,  many  chronically  infected  individuals,  even  those  on  
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ART,  are  vulnerable  to  neurological  opportunistic  infections  as  a  result  of  persistent  
immune  suppression  and  maintained  HIV-­‐‑1  CNS  replication.    Viruses,  bacteria,  fungi,  and  
parasites  can  cause  CNS  opportunistic  infections.  
CMV,  a  DNA  virus  of  the  herpesvirus  family,  can  cause  AIDS-­‐‑associated  CMV  
encephalitis  associated  with  confusion,  disorientation,  apathy,  and  withdrawal,  and  is  
difficult  to  distinguish  from  HAD.    Between  40-­‐‑100%  of  the  general  population  is  infected  
with  CMV  and  reactivation  of  endogenous  CMV  accounts  for  much  of  the  CMV-­‐‑associated  
diseases  in  immunocompromised  individuals  (124,  200).    Acquired  by  close  contact  at  
mucosal  surfaces,  CMV  is  spread  via  infected  circulating  leukocytes  and  has  a  wide  tropism  
for  neural  cells  (200).    While  less  common,  HSV  infection  can  also  cause  encephalitis,  often  
concurrent  with  a  CMV  infection  (25).    PML  is  a  demyelinating  disease  that  results  from  
lytic  infection  of  oligodendrocytes  with  the  John  Cunningham  (JC)  virus,  a  DNA  
polyomavirus.    The  incidence  of  the  normally  rare  PML  increased  50-­‐‑fold  with  the  HIV-­‐‑1  
epidemic  and  lesions  can  be  found  throughout  the  brain  (21,  255).    Patients  with  PML  
experience  weakness,  gait  abnormalities,  speech  disorders,  visual  effects,  and  cognitive  
abnormalities  (36).    The  natural  disease  course  is  progressive  and  leads  to  death  within  
months  if  a  patient  remains  immunocompromised  (21).    
Cryptococcus  neoformans  is  the  most  common  cause  of  opportunistic  meningitis  in  
AIDS  patients  (25).    Inhaled  from  environmental  sources,  C.  neoformans  replicates  within  
macrophages  and  generates  a  polysaccharide  capsule  that  allows  the  fungus  to  execute  
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functions  such  as  resist  phagocytosis,  inhibit  neutrophil  migration,  deplete  complement,  
dysregulate  cytokine  production,  and  interfere  with  antigen  presentation  (20).    Patients  with  
cryptococcal  meningitis  typically  experience  headache,  fever,  nausea,  occasionally  vision  
and  behavior  changes  as  well  as  an  elevation  of  intercranial  pressure  (ICP).    The  parasite  
Toxoplasma  gondii,  acquired  through  ingestion  of  undercooked  meats  or  items  contaminated  
by  cat  excrement  (253),  is  also  a  common  cause  of  various  neurological  diseases,  including  
encephalitis,  in  AIDS  patients  (37).    Gamma  interferon  (IFN-­‐‑γ)-­‐‑dependent  cell-­‐‑mediated  
immunity  is  important  in  combating  T.  gondii  infection  as  it  activates  CNS  cells  that  
suppress  the  parasite  through  production  of  oxygen  free  radicals  and  reactive  nitrogen  
intermediates  (145).      
 
HIV/HCV co-infection 
Worldwide,  an  estimated  170  million  people  are  infected  with  Hepatitis  C  virus  
(HCV),  with  up  to  10  million  of  those  representing  HIV/HCV  co-­‐‑infections  (168).    HCV  
infection  is  common  among  HIV-­‐‑1  infected  individuals  as  the  two  RNA  viruses  share  
multiple  biological  properties,  including  similar  routes  of  transmission.    HIV/HCV  co-­‐‑
infections  occur  in  approximately  one-­‐‑third  of  HIV-­‐‑1  infected  individuals,  but  this  number  
increases  to  approximately  75%  among  intravenous  drug  users  (IDU)  or  other  individuals  
exposed  to  HIV-­‐‑1  parenterally  (250,  340).    In  up  to  85%  of  HCV  infected  individuals,  HCV  
infection  persists  indefinitely,  resulting  in  chronic  hepatitis  C  (CHC),  cirrhosis,  and  
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hepatocellular  carcinoma.    Similar  to  HIV-­‐‑1,  HCV  is  characterized  by  high  genetic  
heterogeneity,  contributing  to  the  development  of  variants  capable  of  evading  immune  and  
therapeutic  defenses.    
HCV  and  HIV-­‐‑1  appear  to  do  more  than  coexist  within  dually  infected  individuals.    
For  example,  mother-­‐‑to  child-­‐‑transmission  (MTCT)  of  HCV  is  more  common  in  mothers  
infected  with  both  HIV-­‐‑1  and  HCV,  as  opposed  to  only  HCV  (120,  188)  and  HIV-­‐‑1  infection  
accelerates  the  development  of  severe  liver  disease  (106,  256).    As  a  result  of  the  additive  
effects  of  HIV/HCV  dual  infection,  end-­‐‑stage  liver  disease  now  accounts  for  nearly  half  of  
the  deaths  among  HIV-­‐‑positive  patients  (307).    HCV  infection  has  also  been  shown  to  affect  
the  CNS,  with  HCV  RNA  detected  in  the  cerebrospinal  fluid  (CSF)  of  both  HIV-­‐‑positive  and  
HIV-­‐‑negative  patients  (183,  207).    Additionally,  HCV  infection  has  been  shown  to  contribute  
to  HIV-­‐‑1-­‐‑associated  minor  cognitive/motor  disorders  and  HIV-­‐‑1-­‐‑associated  dementia  
complex  (265).      
  
HIV-1 EFFECTS ON VARIOUS ORGAN SYSTEMS 
 
HIV-1 and the immune system 
Severe  immunodeficiency  is  a  hallmark  of  HIV-­‐‑1  infection,  characterized  not  only  by  
the  significant  reduction  of  CD4+  T  cells,  but  also  by  a  disruption  of  CD8+  lymphocyte,  B  
lymphocyte,  antigen  presenting  cell,  natural  killer  (NK)  cell  and  neutrophil  function.    
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Macrophage  abnormalities  primarily  include  reduced  chemotaxis  and  antigen-­‐‑presenting  
function,  which  results  in  reduced  lymphocyte  proliferation  (170).    Some  studies  suggest  
that  HIV-­‐‑1  infection  reduces  phagocytosis  in  macrophages,  but  the  small  number  of  these  
cells  infected  prevents  detailed  analysis.    HIV-­‐‑1  can  also  induce  damage  to  precursor  cells  or  
stromal  cells  in  the  thymus,  reducing  the  production  of  new  lymphocytes  (108).    There  is  
also  a  reduction  in  number  and  cytotoxic  activity  of  NK  cells  and  decreased  chemokine  
response  and  phagocytic  activity  of  neutrophils  (170).    
HIV-­‐‑1  viral  proteins  have  been  shown  to  have  detrimental  effects  on  the  immune  
response.    The  cytotoxic  Env  protein  gp120  can  increase  apoptosis  of  T  cells  and  alter  
cytokine  levels,  including  inhibiting  IL-­‐‑2  and  thereby  T  cell  proliferation  and  regulation  
(216,  226).    HIV-­‐‑1  gp120  also  induces  IL-­‐‑10  production  by  monocytes,  resulting  in  anergy  in  
human  peripheral  blood  lymphocytes  (286).    The  viral  protein  Gag  also  inhibits  T  cell  
function  through  binding  cyclophilins  (180).    Nef  downregulates  the  major  
histocompatibility  complex  (MHC)  class  I  levels  from  the  surface  of  T  cells  and  APCs,  
thereby  inhibiting  the  CTL-­‐‑mediated  lysis  of  HIV-­‐‑1  infected  cell  (62,  290).    Tat  induces  
apoptosis  of  T  cells,  B  cell  depletion,  as  well  as  reduces  mannose  receptor  expression  on  
APCs  crucial  for  phagocytosis  and  antigens  delivery  to  the  MHC  class  II  pathway  (47).  
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HIV-1 and the gut-associated lymphoid tissue 
The  GALT  is  the  largest  lymphoid  tissue  in  the  human  body,  containing  over  50%  of  
all  lymphoid  cells  (34).    Approximately  20%  of  CD4+  T  cells  in  the  GALT  are  infected  during  
acute  HIV-­‐‑1  and  SIV  infection  (194,  328),  attributed  to  their  high  coreceptor  expression  
levels  and  predominantly  active  state  (12).    Additionally,  up  to  60%  of  uninfected  CD4+  T  
cells  die  by  apoptosis  (107),  resulting  in  an  overall  depletion  of  approximately  80%  of  CD4+  
T  cells  in  the  GALT.    This  decrease  coincides  with  an  increase  in  CD8+  T  cells,  a  
dysregulation  in  T  cell  homeostasis  that  results  in  increased  inflammatory  cytokine  levels,  
inflammation  and  chronic  immune  activation  (198,  276).    Additional  CD4+  T  cells  are  then  
recruited  from  the  periphery  into  the  GALT,  providing  new  targets  for  HIV-­‐‑1  replication,  
and  contributing  to  the  maintenance  of  a  viral  reservoir.    While  CD4+  T  cell  counts  in  the  
blood  rebound  following  peak  viremia  (201),  there  is  a  significant  delay  in  the  restoration  of  
CD4+  T  cell  levels  in  the  GALT  (34,  125).    
The  massive  depletion  of  CD4+  T  cells  and  robust  HIV-­‐‑1  replication  in  the  GALT  
contribute  to  damage  to  the  intestinal  lining,  resulting  in  enhanced  bacterial  translocation  
and  generalized  immune  activation  (198,  276,  325).    A  reduction  in  the  expression  of  genes  
associated  with  drug  metabolism  is  also  observed,  potentially  contributing  to  the  reduced  
effectiveness  of  ART  observed  in  the  GALT  (276).    These  alterations  lead  to  gastrointestinal  
complications  such  as  nutrient  malabsorption,  malnutrition,  diarrhea  and  wasting  common  
throughout  HIV-­‐‑1  infection  (69).    Overall,  the  incomplete  viral  suppression  in  the  GALT  
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despite  therapy,  the  sustained  local  inflammation  and  damage,  and  the  extensive  CD4+  T  
cell  killing  pose  major  challenges  for  complete  mucosal  immune  restoration  and  eradication  
of  viral  reservoirs.  
  
HIV-1-associated nephropathy 
HIV-­‐‑1  associated  nephropathy  (HIVAN)  is  one  of  the  major  causes  of  end-­‐‑stage  renal  
disease  (ESRD)  in  HIV-­‐‑1  infected  individuals  (202).    HIV-­‐‑1  infects  resident  renal  epithelial  
cells  (REC),  which  may  constitute  a  distinct  viral  compartment,  as  viral  RNA  can  be  
detected  in  REC  despite  suppression  in  the  plasma  (39),  and  phylogenetic  analysis  
comparing  HIV-­‐‑1  sequences  from  REC  and  peripheral  blood  mononuclear  cells  (PBMC)  in  
patients  with  HIVAN  found  evidence  for  independent  viral  evolution  within  the  kidney  
(191).    However,  RECs  do  not  express  the  HIV-­‐‑1  surface  receptor  CD4  or  co-­‐‑receptors  CCR5  
or  CXCR4;  therefore,  the  mechanism  of  entry  of  HIV-­‐‑1  into  REC  remains  perplexing.    One  
study  proposed  that  HIV-­‐‑1  RNA  is  transferred  to  RECs  in  a  CD4  and  Env  independent  
manor  via  virological  synapses,  requiring  the  attachment  receptor  heparin  sulfate  
proteoglycans  (55).      
Genetic,  viral  and  host  response  factors  may  influence  HIVAN.    Approximately  90%  
of  all  cases  of  HIVAN  are  in  patients  of  African  descent,  an  increased  risk  associated  with  
Apolipoprotein  L1  gene  variants  G1  and  G2  (111).    The  viral  proteins  Nef  and  Vpr  have  also  
been  proposed  to  play  a  role  in  disease  progression.    Nef  has  been  shown  to  alter  
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proliferation  and  differentiation  of  podocytes  within  the  kidney  (146,  147)  through  
activation  of  the  Stat3  and  Ras-­‐‑c-­‐‑Raf-­‐‑MAPK  1,  2  pathways  (133)  and  a  disruption  of  the  
RhoA/Rac1  balance  (179).    Several  studies  have  also  suggested  roles  of  NFκB  and  oxidant  
stress  in  HIV-­‐‑1-­‐‑induced  podocyte  injury  (202).    Vpr  has  been  shown  to  induce  dysregulation  
of  cytokinesis  and  apoptosis  (261),  a  characteristic  of  HIVAN,  via  increased  expression  of  
FAT10  (303)  and  facilitation  of  Bax-­‐‑mediated  mitochondrial  injury  and  apoptosis  (304).      
 
HIV-1 NEUROINVASION 
 
The blood-brain barrier 
Brain  microvascular  endothelial  cells  (BMVEC)  within  the  CNS  form  the  blood-­‐‑brain  
barrier  (BBB),  a  selectively  permeable  barrier  that  regulates  brain  homeostasis  and  restricts  
the  movement  of  molecules,  ions,  and  pathogens  between  the  blood  and  the  brain.    The  BBB,  
formed  during  embryogenesis,  is  composed  of  and  regulated  by  interactions  between  
BMVEC,  pericytes,  and  astrocytes  along  the  capillaries  in  the  brain  (204).    Pericytes,  vascular  
support  cells  associated  with  BMVEC  as  nascent  vessels  are  generated,  are  critical  during  
BBB  development  (13,  70).    Astrocyte  foot  processes,  which  surround  BMVEC,  have  been  
shown  to  regulate  BBB  permeability  through  the  secretion  of  compounds  that  alter  tight  and  
adherin  junction  proteins  (1,  91).      Molecules  such  as  MCP-­‐‑1  (311),  TNF-­‐‑α  (100),  
apolipoprotein  E  (109),  and  interleukins  (1,  160)  have  been  shown  to  alter  BBB  permeability  
(204).      
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Substances  cross  the  BBB  through  several  mechanisms,  many  of  which  can  be  
exploited  by  HIV-­‐‑1  for  entry  into  the  CNS.    Serum  proteins,  such  as  albumin,  can  enter  the  
brain  at  a  low  rate  through  specific  points  within  the  BBB  termed  extracellular  pathways  (16,  
35).    Substances  can  also  enter  the  brain  when  the  BBB  is  disrupted,  for  example  by  trauma,  
hypertension,  infection,  and  cytokine  damage  (178,  195).  Transportation  via  endocytosis  
through  clathrin-­‐‑coated  vesicles  (absorptive  endocytosis)  as  well  as  simple  membrane  
diffusion  are  also  possible  mechanisms  for  crossing  the  BBB  (17).    Additionally,  immune  
cells  cross  the  BBB  through  diapedesis.  (315).  
 
HIV-1 CNS infection: timing and mechanisms of entry 
HIV-­‐‑1  appears  in  the  CNS  shortly  after  transmission,  with  the  detection  of  HIV-­‐‑1  in  
both  the  CSF  and  brain  tissue  during  the  weeks  after  initial  exposure  (70,  89,  238,  284,  308,  
318),  although  it  is  not  clear  if  the  virus  detected  is  actually  replicating  in  the  CNS.    Several  
different  mechanisms  have  been  proposed  for  HIV-­‐‑1  CNS  entry.    Two  theories  hypothesize  
infection  of  BMVEC  (90),  the  first  by  direct  infection  and  the  second  via  the  trancytosis  of  
HIV-­‐‑1  by  BMVEC,  with  the  subsequent  infection  of  additional  parenchyma  cells  or  release  
of  free  virus  into  the  CNS  (18,  231,  292).    However,  these  two  theories  are  controversial  as  
HIV-­‐‑1  infection  of  BMVEC  in  vitro  is  highly  restrictive  and  non-­‐‑productive  (208,  242,  291).      
A  third  and  more  widely  supported  model  is  the  transport  of  HIV-­‐‑1  across  the  BBB  
into  the  CNS  by  infected  CD4+  lymphocytes  (233).    During  inflammation,  expression  of  
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adhesion  molecules,  such  as  ICAM-­‐‑1  and  VCAM-­‐‑1,  is  upregulated  on  the  surface  of  BMVEC  
(87,  123,  277).    As  leukocytes  roll  along  the  endothelial  surface,  they  are  tethered  via  the  
interactions  between  BMVEC  adhesion  molecules  and  corresponding  ligands  on  their  
surface,  such  as  LFA-­‐‑1  (219).    This  tethering  is  then  followed  by  diapediesis  (90).  Leukocyte  
recruitment  and  transmigration  into  the  CNS  and  BBB  permeability  is  enhanced  via  the  
expression  of  chemoattractant  cytokines  and  chemokines,  including  MCP-­‐‑1  (102,  332),  MIP-­‐‑
1α,  MIP-­‐‑1β  (33,  282),  TNF-­‐‑α  and  IL-­‐‑1β    (220).    It  has  also  been  suggested  that  HIV-­‐‑1  infected  
cells  can  enter  the  CNS  via  migration  across  the  choroid  plexus,  and  on  rare  occasions,  via  
migration  from  the  peripheral  blood  to  the  subarachnoid  space  (45).      
  
CNS infection of other neurovirulent viruses 
The  CNS  is  particularly  vulnerable  to  viral  infection  due  to  the  longevity  of  CNS  
cells  and  the  immune-­‐‑privileged  nature  of  the  CNS.    There  are  five  important  cell  types  
critical  for  proper  CNS  function,  all  of  which  can  be  infected  by  neurotropic  viruses.    
Astrocytes,  the  most  abundant  cell  in  the  CNS,  execute  numerous  essential  functions  
including  managing  healthy  synaptic  transmission,  maintaining  BBB  function,  protecting  
neurons  from  injury  and  removing  toxic  materials  (305).    Microglia,  the  brain-­‐‑resident  
macrophages,  play  an  important  role  in  local  immune  response,  while  perivascular  
macrophages  reside  in  close  proximity  to  blood  vessels.    Neurons  use  electrical  impulses  to  
carry  out  the  information  processing  function  of  the  CNS,  controlling  both  cognitive  and  
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motor  functions.    Oligodendrocytes  generate  and  maintain  the  myelin  sheath  surrounding  
the  axons  of  neurons,  helping  to  support  efficient  transmission  of  electrical  signals  between  
neurons  (123).    
Neurotropic  viruses  can  differ  in  their  tropism,  route  of  entry,  and  mechanism  of  
spread.    Human  herpesvirus  6  and  JC  virus  primarily  target  oligodenrocytes,  while  
retroviruses  such  as  HIV-­‐‑1  and  Human  T  lymphotropic  virus  1  primarily  infect  
microglia/macrophages  and  astrocytes,  respectively.    Viruses  such  as  rabies  virus  (RV),  West  
Nile  virus  (WNV),  poliovirus,  adenovirus  and  cytomegalovirus  (CMV),  which  infect  
neurons,  are  more  likely  to  cause  fatal  diseases  as  these  cells  are  long-­‐‑lived  and  terminally  
differentiated.    Some  neurotropic  viruses,  such  as  RV  spread  from  neuron  to  neuron  via  
axonal  transport  (95).    Other  neurotropic  viruses,  such  as  poliovirus,  invade  the  CNS  by  
directly  infecting  BMVECs  within  the  BBB  (63),  while  measles  virus  and  lentiviruses  enter  
the  CNS  via  diapedesis  of  infected  leukocytes  (99,  128).  
The  clinical  manifestations  and  disease  severity  resulting  from  CNS  infection  can  
also  vary  between  neurotropic  viruses.    For  example,  RV  infection  of  neurons  and  the  
resulting  neuronal  impairment  is  100%  lethal  in  the  absence  of  early  treatment  (95)  and  PML  
caused  by  JC  virus  is  progressive  and  can  lead  to  death  within  months  if  a  patient  remains  
immunocompromised  (21).    Alternatively,  mumps  has  a  high  neuroinvasiveness  but  
neurological  disease  is  mild.  
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CNS COMPLICATIONS ASSOCIATED WITH HIV-1 INFECTION 
 
HIV-1-associated dementia 
The  consequences  of  HIV-­‐‑1  infection  of  the  CNS  have  been  well  documented  since  
the  beginning  of  the  epidemic  (213,  214,  302).    The  spectrum  of  HIV-­‐‑1-­‐‑associated  
neurocognitive  disorders  (HAND)  spans  from  minor  HIV-­‐‑1-­‐‑associated  minor  cognitive-­‐‑
motor  disorders  (MCMD)  to  the  more  severe  HAD  (31,  116,  117).    Clinically,  HAD  is  
characterized  by  motor  deficits  (leg  weakness,  unsteady  gait,  tremor,  and  loss  of  fine-­‐‑motor  
coordination),  cognitive  impairment  (mental  slowness,  forgetfulness  and  poor  
concentration),  and  behavior  abnormalities  (apathy,  lethargy,  withdrawal,  diminished  
emotional  responses,  and  sometime  psychosis  (214)),  significantly  impairing  an  individual’s  
ability  to  execute  daily  functions.    Histological  observation  of  brain  tissue  from  patients  with  
HAD  revealed  that  less  than  10%  of  the  brains  were  normal,  most  revealing  abnormalities  
including  perivascular  infiltrates  of  lymphocytes  and  macrophages  as  well  as  
multinucleated  giant  cells  (40,  117).      
Prior  to  HAART,  20-­‐‑30%  of  HIV-­‐‑1  infected  individuals  developed  dementia:  with  the  
introduction  of  HAART,  this  number  has  been  reduced  to  approximately  10%  of  infected  
adults  (116,  268).    The  insufficient  CNS  penetration  of  some  antiretroviral  drugs,  potentially  
enabling  HIV-­‐‑1  to  persist  within  the  CNS  throughout  infection  despite  therapy,  may  
contribute  to  the  continued  observation  of  severe  neurological  complications  (116,  243,  287).    
Additionally,  the  use  of  HAART  has  led  to  an  older  demographic  with  an  increased  
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susceptibility  to  HAD  (26,  149).    While  HAD  is  most  common  in  severely  immune-­‐‑
compromised  individuals,  individuals  can  be  diagnosed  with  dementia  prior  to  the  onset  of  
AIDS:  in  approximately  3%  of  infected  individuals,  dementia  is  an  AIDS-­‐‑defining  illness  
(121).  
 
HIV-1 encephalitis 
In  some  HIV-­‐‑1  infected  individuals  suffering  from  more  sever  neurological  
complications,  such  as  HAD,  significant  tissue  damage  can  occur,  leading  to  HIV-­‐‑1  
encephalitis  (HIVE).    This  neurodegenerative  condition  is  associated  with  productive  
infection  of  macrophages  and  microglia,  reactive  astrocytes,  as  well  as  damage  to  gray  and  
white  matter.    HIVE  brain  lesions  can  be  widespread  but  are  primarily  found  within  the  
corpus  callosum,  anterior  commissure,  basal  ganglia,  and  brainstem  within  the  white  matter  
(41).    While  HIVE  is  frequently  associated  with  HAD,  HIVE  refers  to  the  pathological  
features  identified  in  the  brain  and  not  the  clinical  syndrome;  therefore,  HIVE  can  occur  in  
the  absence  of  HAD.  
A  hallmark  of  HIVE  is  the  formation  of  microglial  nodules  containing  
multinucleated  giant  cells  (i.e.  syncytia)  during  chronic  inflammation,  resulting  from  the  
fusion  of  uninfected  and  infected  brain  resident  microglia/macrophages  (213,  294).    BBB  
abnormalities,  includin1  significant  tight  junction  disruption  and  accumulation  of  HIV-­‐‑1-­‐‑
infected  microglia/macrophages  in  the  brain  have  been  observed  in  brain  tissue  from  
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patients  with  HIVE  (68).    Microgliosis  and  astrogliosis  can  also  occur  in  HIVE  and  neuron  
damage  has  been  observed,  although  neurons  themselves  are  rarely  infected  (42,  43).    The  
neurodegeneration  associated  with  HIVE  has  also  been  linked  to  synaptic  loss  and  
dysfunction  that  culminates  in  neuronal  loss,  and  there  is  also  growing  interest  in  the  role  of  
cell-­‐‑cycle  proteins  such  as  p53,  pRb  and  E2F1  in  HIVE  (153).  
 
Mild-to-moderate HIV-1-associated neurocognitive disorders 
While  HAART  has  markedly  reduced  the  incidence  of  HAD,  the  prevalence  of  
milder  HAND,  including  asymptomatic  HIV-­‐‑1-­‐‑associated  neuropsychological  (NP)  
impairment  (ANI)  and  MCMD,  appears  to  have  increased  despite  treatment  (10,  96)  and  
affect  the  quality  of  life  for  infected  individuals  (269).    Several  factors  have  been  suggested  
to  account  for  the  consistently  high  rates  of  HAND  despite  HAART  including  irreversible  
brain  injury  prior  to  initiation  of  HAART,  neuronal  injury  or  dysfunction  due  to  a  
prolonged  CNS  inflammatory  response  to  persistent  CNS  viral  replication,  and  long-­‐‑term  
exposure  to  neurotoxic  viral  proteins  (134)  
Standardized  NP  testing  is  used  to  support  clinical  diagnosis  of  MCMD,  normalized  
for  age,  education  and  other  demographic  variables  (10).    Impairments  in  daily  activities  
such  as  employment,  medication  management,  and  driving  are  also  documented  (135).    The  
contributions  of  preexisting  comorbidities  including  drug  use,  depression,  learning  
disabilities,  previous  brain  trauma,  and  HCV  infection  must  also  be  considered  during  
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diagnosis  of  MCMD.    Neuroimaging  is  a  valuable  tool  for  characterizing  MCMD.    Proton-­‐‑
magnetic  resonance  spectroscopy  (MRS)  is  often  utilized,  a  noninvasive  imaging  method  
that  monitors  neuronal  injury  via  analysis  of  metabolite  abnormalities.    Additionally,  as  
MRS  has  generally  been  limited  to  clinical  studies,  there  has  been  an  increase  in  the  use  of  
blood  oxygen  level-­‐‑dependent  (BOLD)  functional  magnetic  resonance  imaging  to  evaluate  
HIV-­‐‑1  related  brain  dysfunction  (10).  
  
HIV-1 neurological complications in children 
Mother-­‐‑to-­‐‑child-­‐‑transmission  (MTCT)  can  occur  in  utero,  intrapartum,  or  postnatally  
through  breastfeeding.    In  the  absence  of  intervention,  a  25%  rate  of  MTCT  is  predicted  
based  on  numerous  studies  conducted  worldwide  (22),  affected  by  factors  such  as  maternal  
disease  status,  maternal  viral  loads,  vitamin  A  deficiencies,  and  placental-­‐‑membrane  
inflammation.    Neurodevelopmental  abnormalities  associated  with  HIV-­‐‑1  infection  have  
been  well  documented  in  children,  and  prior  to  the  advent  of  HAART,  upwards  of  50%  of  
infected  children  developed  neurological  impairment  and  encephalitis  (205,  327).    Pediatric  
neurological  complications  can  manifest  as  static  or  progressive  HIV-­‐‑1  encephalopathy  (22,  
59,  327,  329).    Clinical  signs  of  HIV-­‐‑1  encephalopathy  include  the  well-­‐‑described  classic  triad  
of  HIV-­‐‑1-­‐‑related  encephalopathy,  including  developmental  delays  (motor  and  expressive  
language),  acquired  microcephaly,  and  pyramidal  tract  motor  deficits  (23,  59).  
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Since  the  introduction  of  HAART,  the  incidence  of  encephalopathy  has  been  
significantly  reduced,  but  is  still  present  in  a  subset  of  children,  especially  during  the  first  
two  to  three  years  of  life  (327)  during  which  time  young  children  are  more  susceptible  to  
CNS  disease  compared  to  older  children  and  adolescents  (28,  88,  177).    HIV-­‐‑1  infection  in  
utero  increases  a  child’s  risk  for  neurodevelopmental  delay  and  encephalopathy  within  the  
first  30  months  of  life  (300).    After  the  first  two  years  of  infection,  the  incidence  of  
encephalopathy  in  children  compared  to  adults  is  similar,  indicating  that  in  contrast  to  
young  children  and  infants,  the  pathophysiology  of  CNS  disease  in  older  children  and  
adolescence  is  more  similar  to  what  has  been  observed  in  adults  (320).    HIV-­‐‑1  infection  in  
young  children  affects  an  immature  brain  and  as  a  result,  HIV-­‐‑1  CNS  disease  is  often  an  
AIDS-­‐‑defining  illness  (104,  329).  
    
CNS inflammatory response and CNS injury 
CNS  injury  and  neurodenegeration  can  be  due  to  several  factors  including  abnormal  
concentrations  of  CSF  biomarkers,  toxic  viral  proteins,  as  well  as  the  inflammation  resulting  
from  the  activation  of  CNS  immune  and  brain  resident  cells.    Neurofilament  light  chain  
(NFL),  a  structural  component  of  myelinated  axons,  and  amyloid-­‐‑beta  42,  a  component  of  
amyloid  plaques,  are  both  markers  for  neuronal  injury  and  are  associated  with  neurological  
disorders  such  as  Alzheimer  disease  (29,  112)  and  multiple  sclerosis  (218).    Both  are  elevated  
during  both  HAD  and  neuroasymptomatic  end-­‐‑stage  AIDS  (2,  113,  114).    Additionally,  both  
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can  be  elevated  during  primary  HIV-­‐‑1  infection,  corresponding  with  established  markers  of  
neuronal  injury,  suggesting  that  in  some  individuals,  neurodegeneraton  can  start  early  
(232).      
Pro-­‐‑inflammatory  cytokines  such  as  TNF-­‐‑α,  IFN-­‐‑γ,  IL-­‐‑1,  and  IL-­‐‑6  have  all  been  
shown  to  cause  neurotoxicity  (221),  and  TGF-­‐‑β  has  been  shown  to  cause  astrocytosis  (236)  
and  alter  BMVEC  permeability  (189,  204).    Additionally,  multiple  pro-­‐‑inflammatory  
cytokines  and  chemokines  such  as  MCP-­‐‑1,  IP-­‐‑10  and  M-­‐‑CSF  are  amplified  in  the  CSF  of  
HAD  patients  compared  to  neurologically  asymptomatic  patients  (235).    Additionally,  the  
increased  production  of  protanoids  by  infiltrating  immune  cells,  and  nitric  oxide  (NO),  a  
nitrogen  free  radical  produced  by  nitrogen  oxide  synthase  that  is  upregulated  on  activated  
microglia  and  astrocytes,  have  also  been  shown  to  contribute  to  neurodegeneration  in  HAD  
subjects  (176,  221).  
Numerous  studies  have  suggested  a  role  of  HIV-­‐‑1  proteins  as  neurotoxic  agents,  
including  Tat,  Vpr,  Nef  and  gp120.    These  viral  proteins  may  become  available  in  the  
extracellular  compartment  through  numerous  mechanisms  (212),  including  release  during  
cytopathic  infection  (i.e.  within  HIV-­‐‑1  infected  lymphocytes),  formation  of  defective  viral  
particles,  active  release  of  viral  proteins  (i.e.  HIV-­‐‑1  Tat  which  is  actively  secreted  (53)),  the  
shedding  of  the  viral  coat  (199),  and  interactions  with  viral  proteins  via  cell-­‐‑to-­‐‑cell  contacts.    
Tat,  Vpr,  and  gp120  have  all  been  measured  in  the  serum  of  HIV-­‐‑1  infected  individuals  (224,  
240,  334).    Once  released,  these  viral  proteins  can  interact  with  uninfected  cells  within  the  
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CNS,  causing  cellular  dysfunction  and  toxicity,  and  if  released  in  the  periphery,  can  often  
cross  the  BBB,  causing  neurotoxicity.    Both  Tat  (144)  and  gp120  (152)  can  be  found  by  
immunostaining  in  the  CNS  perivascular  regions.      
  
HIV-1 COMPARTMENTALIZATION 
 
HIV-1 CNS compartmentalization is observed throughout the course of 
infection 
A  limitation  to  studying  viral  evolution  in  the  CNS  is  that  direct  sampling  of  HIV-­‐‑1  
in  brain  tissue  is  usually  possible  only  once,  at  biopsy  or  autopsy.    Therefore,  to  examine  
HIV-­‐‑1  viral  populations  in  the  CNS,  studies  often  rely  upon  repeated  sampling  of  virus  in  
the  CSF.    In  the  CSF  of  HIV-­‐‑1  infected  subjects,  it  is  possible  to  detect  CSF  virus  populations  
that  are  undergoing  independent,  or  compartmentalized  replication  (82,  132,  225,  238,  285).    
These  CSF  viral  populations  are  genetically  distinct  from  virus  in  the  periphery.    
Compartmentalized  CNS  populations  have  also  been  detected  using  autopsy  tissues  from  
HIV-­‐‑1  infected  patients  (164,  341).  
Compartmentalized  CNS  populations  can  be  detected  in  the  CSF  of  HIV-­‐‑1  infected  
individuals  throughout  the  course  of  infection.    Studies  using  both  heteroduplex  track  
assays  (HTA)  and  single  genome  amplification  (SGA)  have  shown  that  compartmentalized  
CSF  populations  can  be  detected  during  primary  infection  (132,  284),  suggesting  that  
compartmentalization  can  occur  early  and  in  the  absence  of  overt  neurological  symptoms.    
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Intermediate  levels  of  compartmentalization  have  been  associated  with  either  an  
asymptomatic  state  or  less  severe  forms  of  HAND  (132,  284),  while  extensive  CSF  
compartmentalization  has  been  shown  to  be  a  strong  indicator  of  pathogenesis  contributing  
to  HAD  (82,  132,  225,  239,  258,  313).    Compartmentalized  variants  have  also  been  detected  in  
the  brains  of  HAD  subjects  at  autopsy  (82,  83,  119,  225,  247,  262,  322).  
 
Compartmentalization versus clonal amplification 
Two  types  of  CNS  compartmentalization  have  been  observed.    The  first  involves  the  
independent  replication  of  a  viral  population  within  the  CNS,  or  significant  
compartmentalization,  characterized  by  high  diversity  and  indicative  of  a  prolonged  period  
of  isolated  replication.    These  more  complex  populations  can  enter  cells  using  low  levels  of  
CD4  and  are  presumably  replicating  in  macrophages  and/or  microglia  (283).    The  second  
form  of  CNS  compartmentalization  is  characterized  by  the  rapid  expansion  of  identical  or  
nearly  identical  variants,  generating  a  population  of  low  complexity  and  indicating  recent  
expansion  within  the  CNS.    This  less  complex  method  of  compartmentalization,  or  clonal  
amplification,  is  comprised  of  virus  that  requires  high  levels  of  CD4  for  entry,  presumably  
replicating  in  CD4+  T  cells  within  the  CNS.  
Clonal  amplification  has  been  detected  during  primary  infection  as  well  as  during  
chronic  HIV-­‐‑1  infection  (283,  284),  almost  exclusively  within  compartments  such  as  the  CNS  
as  it  is  detected  infrequently  in  the  blood  (241).    The  exact  source  of  clonally  amplified  virus  
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is  uncertain.    Clonal  amplification  is  often  associated  with  CSF  pleocytosis  indicative  of  an  
inflammatory  response,  potentially  providing  a  cellular  target  that  can  support  rapid  
expansion  of  an  HIV-­‐‑1  variant.    This  clonally  amplified  variant  may  have  only  recently  been  
transported  into  and  expanded  by  CD4+  T  cells  within  the  CNS,  or  the  influx  of  CD4+  T  cells  
may  support  the  rapid  expansion  of  a  compartmentalized  CNS  variant  already  replicating  
independently  within  the  CNS.      
 
HIV-1 compartmentalization in other biological compartments 
There  is  growing  interest  in  compartmentalization  in  other  biological  compartments  
besides  the  CNS.    Sexual  transmission  is  the  most  common  mode  of  HIV-­‐‑1  transmission  and  
HIV-­‐‑1  is  detected  in  the  male  genital  tract  (MGT)  seminal  plasma  as  well  as  in  the  female  
genital  tract  (FGT)  mucus  early  during  infection,  indicating  that  there  is  a  mechanism  for  
introducing  virus  into  genital  tract  secretions  (141,  241,  324).    One  study  analyzing  the  viral  
dynamics  between  the  peripheral  blood  and  semen  found  that  in  addition  to  the  direct  
import  of  virus  from  the  periphery,  resulting  in  genetically  similar  populations  between  the  
two  compartments,  clonal  amplification  as  well  as  significant  compartmentalization  could  
be  observed  within  the  seminal  tract  (11).    Separate  studies  analyzing  the  genetic  
relationship  between  virus  isolated  from  the  periphery  and  virus  isolated  from  cervical  
lavages  have  observed  both  clonal  amplification  and  significant  compartmentalization  
within  the  female  genital  tract  (Dukhovlinova  et  al.,  in  preparation)  (293).      
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While  still  controversial  due  to  the  lack  of  HIV-­‐‑1  receptor  and  coreceptor  expression  
on  REC,  studies  have  suggested  compartmentalization  can  occur  within  the  kidney  in  HIV-­‐‑1  
infected  patients  with  HIVAN  (39,  191).    HIV-­‐‑1  RNA  and  proviral  DNA  have  also  been  
detected  in  liver  biopsies  from  persons  with  HIV-­‐‑1  infection  (48,  77).  There  has  recently  
been  some  preliminary  evidence  to  suggest  that  compartmentalized  HIV-­‐‑1  populations  can  
be  detected  in  the  liver  of  infected  individuals,  suggesting  adaptation  to  the  liver  as  an  
isolated  compartment  for  HIV-­‐‑1  replication  (27).      
  
Compartmentalization and SIV 
Nonhuman  primate/Simian  immunodeficiency  virus  (SIV)  models  are  powerful  tools  
to  study  the  pathogenesis  of  HIV-­‐‑1,  including  compartmentalization.    Infections  using  
certain  strains  of  SIV  can  result  in  CNS  disorders,  such  as  viral  meningitis  and  encephalitis,  
and  the  Rhesus  macaque/SIV  model  of  CNS  infection  enables  sampling  of  CSF  throughout  
the  course  of  infection  and  allows  rapid  sampling  and  tissue  preservation  at  autopsy,  
thereby  removing  the  limitations  of  human/HIV-­‐‑1  infections  (46,  316).    Studies  have  
reported  SIV  infection  of  macrophage/microglia  in  the  CNS  (161,  339)  and  SIV  RNA/DNA  
has  been  isolated  from  both  CSF  and  brain  tissue  of  infected  macaques  (60,  267),  indicating  
that  SIV  infection  of  local  cells  in  the  CNS  occurs  during  the  course  of  infection.    
A  previous  study  analyzing  the  dynamics  of  SIV  populations  in  the  blood  and  CSF  
showed  that  discordant  CSF  populations  could  be  observed  in  SIVsm  E660  rhesus  macaque  
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infections  (130).    Additionally,  this  discordance  in  population  dynamics  was  associated  with  
elevated  MCP-­‐‑1  levels  and  increased  numbers  of  infiltrating  perivascular  macrophages,  a  
common  feature  of  SIV-­‐‑  and  HIV-­‐‑1-­‐‑associated  neurological  disease  (116,  166,  339,  346).    In  
contrast,  uninfected  macaques  or  macaques  with  concordant  viral  populations  between  the  
two  compartments  had  little  to  no  increase  in  MCP-­‐‑1  levels  or  infiltration  of  inflammatory  
cells  compared  to  baseline  levels.    Overall,  with  similar  population  dynamics  observed  in  
SIV  infection,  the  SIV  model  could  potentially  be  used  to  better  understand  CNS  disease  
over  the  full  course  of  infection.      
 
CNS compartmentalization: T cell versus macrophage tropism 
Within  the  periphery,  HIV-­‐‑1  decays  rapidly  following  initiation  of  HAART  (86,  142,  
234,  285,  331),  indicating  replication  in  a  short-­‐‑lived  cell  type,  such  as  CD4+  T  cells.    Within  
the  CNS,  some  virus  also  decays  rapidly  following  the  initiation  of  therapy,  while  others  
exhibit  a  slow  decay,  indicating  replication  in  a  long-­‐‑lived  cell  type  such  as  macrophages  
(86,  127,  131,  285).    This  rapid  decay  of  virus  (i.e.  T  cell  tropism)  has  been  observed  in  the  
CSF  of  asymptomatic  subjects,  while  genetically  compartmentalized  T  cell-­‐‑tropic  and  
macrophage-­‐‑tropic  HIV-­‐‑1  populations  have  been  shown  to  be  associated  with  neurological  
complications,  such  as  HAD,  in  adults  (283,  285).      
Therefore,  compartmentalized  HIV-­‐‑1  populations  within  the  CNS  can  be  either  
CCR5  (R5)-­‐‑using  T  cell-­‐‑tropic  or  macrophage-­‐‑tropic  (38,  118,  163,  237,  283).    Macrophage-­‐‑
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tropic  HIV-­‐‑1  variants  are  characterized  by  the  ability  to  infect  cells  with  low  CD4  surface  
expression  (119,  262,  322)  and  are  poorly  represented  in  the  blood  (241,  283).    Additionally,  
while  the  transmitted  variant  is  predominantly  R5-­‐‑tropic,  macrophage-­‐‑tropic  variants  are  
not  transmitted  (7,  148,  171,  223,  273).  
  
SIGNIFICANCE AND OBJECTIVES 
  
HIV-­‐‑1  infection  of  the  CNS  can  occur  shortly  after  transmission  (70,  238,  308),  and  
genetically  distinct,  compartmentalized  populations  have  been  detected  in  the  CSF  of  
infected  individuals  throughout  the  course  of  infection,  most  strongly  associated  with  HAD  
(132,  258).    Without  therapy  approximately  one-­‐‑third  of  those  infected  will  eventually  
progress  to  HAD  (31,  116).    While  cART  has  markedly  reduced  the  incidence  of  HAD,  the  
prevalence  of  milder  HAND  has  increased  despite  treatment  (10,  96).    Independent  
replication  in  the  CNS  may  also  represent  a  distinct  reservoir  from  that  found  in  the  blood  
and  lymphoid  tissue.    We  do  not  know  the  time  course  of  the  virologic  events  that  lead  to  
these  features,  or  the  extent  to  which  these  long-­‐‑term  outcomes  are  predicted  by  the  initial  
aspects  of  virus-­‐‑host  interaction.    The  main  objective  of  this  dissertation  is  to  characterize  
the  viral  genetic  determinants  associated  with  CNS  compartmentalization  early  following  
transmission,  since  developments  at  this  time  may  determine  the  subsequent  course  of  
neurocognitive  impairment  or  reservoir  establishment  within  the  CNS.      
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Several  areas  required  further  examination  to  expand  our  understanding  of  early  
CNS  pathogenesis.    First,  information  on  the  genetic  and  phenotypic  characteristics  of  HIV-­‐‑1  
within  the  CNS  of  infants  and  young  children  is  scarce.    Second,  while  extensive  research  
has  been  conducted  on  HIV-­‐‑1  subtype  B  CNS  infections,  little  is  known  about  CNS  
compartmentalization  of  HIV-­‐‑1  subtype  C  (the  most  common  subtype  worldwide)  or  the  
ability  of  HIV-­‐‑1  subtype  C  populations  to  evolve  to  use  low  levels  of  CD4  for  entry.    Third,  
while  studies  have  shown  that  HIV-­‐‑1  compartmentalization  can  occur  during  primary  
infection,  these  studies  were  limited  by  sample  size  and/or  by  the  use  of  less  sensitive  
approaches  to  study  compartmentalization:  thus,  a  more  comprehensive  analysis  is  needed.    
Finally,  studies  have  begun  to  examine  compartmentalization  in  an  SIV  model,  but  a  larger  
sample  size  and  more  sensitive  approaches  to  analyze  compartmentalization  are  needed  to  
make  more  generalizable  conclusions  regarding  the  viral  population  dynamics  in  the  CSF  
and  blood  during  SIV  infection.  
Overall,  using  tools  such  as  compartmentalization  and  entry  tropism  that  have  
helped  define  the  more  severe  stages  of  HIV-­‐‑1  neurological  involvement,  we  have  expanded  
our  understanding  of  the  subtype  B  and  C  virus/host  interactions  early  in  disease.    
Additionally,  this  examination  involved  three  subject  populations,  children,  adults,  and  
rhesus  macaques,  allowing  us  to  more  thoroughly  examine  the  viral  genetic  determinants  
associated  with  CNS  compartmentalization.        
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CHAPTER II. CENTRAL NERVOUS SYSTEM COMPARTMENTALIZATION OF 
HIV-1 SUBTYPE C VARIANTS EARLY AND LATE IN INFECTION IN YOUNG 
CHILDREN1 
	  
	  
OBJECTIVE 
  
HIV-­‐‑1  subtype  B  replication  in  the  CNS  can  occur  in  CD4+  T  cells  or  
macrophages/microglia  in  adults.    However,  little  is  known  about  CNS  infection  in  children  
or  the  ability  of  subtype  C  HIV-­‐‑1  to  evolve  macrophage-­‐‑tropic  variants.    In  this  study,  we  
examined  HIV-­‐‑1  variants  in  ART-­‐‑naïve  children  aged  three  years  or  younger  to  determine  
viral  genotypes  and  phenotypes  associated  with  HIV-­‐‑1  subtype  C  pediatric  CNS  infection.    
We  examined  HIV-­‐‑1  subtype  C  populations  in  blood  and  CSF  of  43  Malawian  children  with  
neurodevelopmental  delay  or  acute  neurological  symptoms.    Using  single  genome  
amplification  (SGA)  and  phylogenetic  analysis  of  the  full-­‐‑length  env  gene,  we  defined  four  
states:  equilibrated  virus  in  blood  and  CSF  (n=20,  47%),  intermediate  compartmentalization  
(n=11,  25%),  and  two  distinct  types  of  compartmentalized  CSF  virus  (n=12,  28%).    Older  age  
and  a  higher  CSF/blood  viral  load  ratio  were  associated  with  compartmentalization,  
                                                                                                              
1  This  chapter  previously  appeared  as  an  article  in  the  journal  PLoS  Pathogens.    The  original  citation  is  a  follows:  
C.B.  Sturdevant,  A.  Dow,  C.B.  Jabara,  S.B.  Joseph,  G.  Schnell,  N.  Takamune,  M.  Mallewa,  R.S.  Heyderman,  A.  
Van  Rie,  and  R.  Swanstrom.  Central  Nervous  System  Compartmentalization  of  HIV-­‐‑1  Subtype  C  Variants  Early  
and  Late  in  Infection  in  Young  Children.  PLoS  Pathog,  2012.  8(12):  p.  e1003094.    Athor  conributions  are  as  
follows:  conceived  and  designed  the  experiments,  CBS  AD  CBJ  SBJ  GS  MM  RSH  AVR  RS;  performed  the  
experiments,  CBS  AD  CBJ  SBJ  GS  NT  MM  RSH;  analyzed  the  data,  CBS  AD  CBJ  SBJ  GS  NT  MM  RSH  AVR  RS;  
wrote  the  paper,  CBS  AD  CBJ  SBJ  GS  NT  MM  RSH  AVR  RS.  
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consistent  with  independent  replication  in  the  CNS.    Cell  tropism  was  assessed  using  
pseudotyped  reporter  viruses  to  enter  a  cell  line  on  which  CD4  and  CCR5  receptor  
expression  can  be  differentially  induced.    In  a  subset  of  compartmentalized  cases  (n=2,  17%),  
the  CNS  virus  was  able  to  infect  cells  with  low  CD4  surface  expression,  a  hallmark  of  
macrophage-­‐‑tropic  viruses,  and  intermediate  compartmentalization  early  was  associated  
with  an  intermediate  CD4  entry  phenotype.    Transmission  of  multiple  variants  was  
observed  for  5  children;  in  several  cases,  one  variant  was  sequestered  within  the  CNS,  
consistent  with  early  stochastic  colonization  of  the  CNS  by  virus.    Thus  we  hypothesize  two  
pathways  to  compartmentalization:  early  stochastic  sequestration  in  the  CNS  of  one  of  
multiple  variants  transmitted  from  mother  to  child,  and  emergence  of  compartmentalized  
variants  later  in  infection,  on  average  at  age  13.5  months,  and  becoming  fully  apparent  in  
the  CSF  by  age  18  months.    Overall,  compartmentalized  viral  replication  in  the  CNS  
occurred  in  half  of  children  by  year  three.    
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AUTHOR SUMMARY 
  
Genetically  compartmentalized  human  immunodeficiency  virus  type  1  (HIV-­‐‑1)  
subtype  B  populations  can  be  variably  detected  in  the  cerebrospinal  fluid  (CSF)  of  adults.    
Compartmentalization  is  indicative  of  local  CNS  replication,  and  late  in  disease  is  linked  to  
HIV-­‐‑associated  dementia  (HAD).    Compartmentalized  viral  populations  can  comprise  either  
CCR5-­‐‑using  T  cell-­‐‑tropic  or  macrophage-­‐‑tropic  virus.    Little  is  known  about  CNS  infection  
in  children  or  the  ability  of  subtype  C  HIV-­‐‑1  to  evolve  macrophage-­‐‑tropic  variants.    We  
examined  viral  populations  in  the  blood  and  CSF  of  HIV-­‐‑1  subtype  C-­‐‑infected  children.    We  
found  an  intermediate  level  of  compartmentalization  in  about  half  of  the  children  under  18  
months  of  age.    About  50%  of  children  older  than  18  months  had  clearly  compartmentalized  
virus  in  the  CSF/CNS,  and  in  some  cases  CSF  virus  evolved  a  low  CD4  entry  phenotype.    In  
some  of  the  children  two  variants  were  transmitted  from  the  mother.    In  several  of  these  
cases  one  of  the  transmitted  viruses  was  replicating  in  the  CNS  while  the  other  was  found  
predominantly  in  the  blood/periphery.    Our  results  suggest  that  compartmentalized  
CSF/CNS  populations  can  be  detected  in  up  to  50%  of  children  by  year  three,  either  
established  early  in  the  infection  or  through  sequestration  of  a  transmitted  variant  within  
the  CNS.  
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INTRODUCTION 
  
Human  immunodeficiency  virus  type  1  (HIV-­‐‑1)  infection  of  the  central  nervous  
system  (CNS)  can  occur  shortly  after  transmission,  and  compartmentalized  HIV-­‐‑1  variants,  
genetically  distinct  from  the  virus  in  the  blood,  can  be  detected  in  the  cerebrospinal  fluid  
(CSF)  in  some  individuals  throughout  the  course  of  infection.    Detection  of  
compartmentalized  CSF  viral  populations  during  primary  infection  suggests  that  
compartmentalization  can  occur  early  in  the  absence  of  overt  neurological  symptoms  (284).    
Extensive  compartmentalization  of  HIV-­‐‑1  has  been  shown  to  be  a  strong  indicator  of  HIV-­‐‑1  
neuropathogenesis  contributing  to  HIV-­‐‑1-­‐‑associated  dementia  (HAD)  (82,  132,  225,  258),  
while  intermediate  levels  of  compartmentalization  are  associated  with  either  an  
asymptomatic  state  or  less  severe  forms  of  HIV-­‐‑1-­‐‑associated  neurological  disease  (132,  284).    
Although  a  longitudinal  link  has  not  been  made,  these  results  raise  the  possibility  that  early  
detection  of  compartmentalized  CSF  variants  may  identify  subjects  with  a  higher  risk  of  
developing  HIV-­‐‑1-­‐‑associated  neurological  complications.    
Compartmentalized  HIV-­‐‑1  subtype  B  CNS  populations  can  be  either  CCR5  (R5)-­‐‑
using  T  cell-­‐‑tropic  or  macrophage-­‐‑tropic  (38,  118,  163,  237,  283).    Macrophage-­‐‑tropic  HIV-­‐‑1  
variants  are  characterized  by  the  ability  to  infect  cells  with  low  CD4  surface  expression  (119,  
262,  322),  are  poorly  represented  in  the  blood  (283),  are  not  transmitted  (7,  273),  and  decay  
slowly  following  initiation  of  highly  active  antiretroviral  therapy  (HAART)  (127,  285),  
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unlike  the  rapid  decay  of  virus  replicating  in  activated  CD4+  T  cells  within  the  blood  (142,  
285,  331).    While  extensive  research  has  been  conducted  on  HIV-­‐‑1  subtype  B  CNS  infections,  
little  is  known  about  CNS  compartmentalization  of  HIV-­‐‑1  subtype  C  (the  most  common  
subtype  worldwide)  or  the  ability  of  HIV-­‐‑1  subtype  C  to  evolve  to  use  low  levels  of  CD4  for  
entry.    Previous  studies  have  reported  significant  differences  in  the  subtype  B  and  C  
envelope  glycoproteins  and  suggested  that  subtype  C  may  be  less  neuropathogenic  than  
subtype  B  (251,  257,  278).    Additional  studies  on  HIV-­‐‑1  subtype  C  CNS  infections  are  needed  
to  improve  our  knowledge  on  HIV-­‐‑1  subtype  C  pathogenesis,  CNS  compartmentalization  
and  entry  tropism.    
Information  on  the  genetic  and  phenotypic  characteristics  of  HIV-­‐‑1  within  the  CNS  
of  infants  and  young  children  is  scarce.    HIV-­‐‑1  CNS  disease  is  often  an  AIDS-­‐‑defining  illness  
in  children  (104,  327,  329),  and  this  implies  that  early  infection  of  the  CNS  may  be  important  
in  the  pathogenesis  of  HIV-­‐‑1  infection  in  infants  (327).    Understanding  the  dynamics  of  
pediatric  HIV-­‐‑1  CNS  replication  is  thus  of  critical  importance.    We  examined  HIV-­‐‑1  variants  
in  43  ART-­‐‑naïve  Malawian  children  aged  three  years  or  younger  to  determine  the  viral  
genotypes  and  phenotypes  associated  with  HIV-­‐‑1  subtype  C  pediatric  CNS  infection.    We  
observed  intermediate,  minor  compartmentalization  in  25%  and  distinct,  
compartmentalized  CSF  variants  in  28%  of  children.    Older  age  and  a  higher  CSF/blood  viral  
load  ratio  were  associated  with  CNS  compartmentalization,  with  genetic  evidence  
suggesting  outgrowth  of  the  compartmentalized  variant  starting  at  around  13  months  of  
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age.    Transmission  of  multiple  variants  had  occurred  in  5  children,  of  which  4  had  one  
variant  sequestered  within  the  CNS,  consistent  with  early  stochastic  colonization  of  the  CNS  
by  the  virus.    Finally,  we  showed  that  genetically  compartmentalized  R5  virus  with  the  
ability  to  infect  cells  with  low  CD4  surface  expression,  a  hallmark  of  macrophage-­‐‑tropic  
viruses,  can  evolve  in  HIV-­‐‑1  subtype  C  CNS  infection  in  young  children,  although  this  was  
not  common  in  the  first  three  years  of  life.    Overall  we  found  that  by  3  years  of  age,  50%  of  
children  infected  with  HIV-­‐‑1  subtype  C  had  virus  independently  replicating  in  the  CNS.  
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RESULTS 
  
Study design 
We  examined  viral  populations  in  paired  peripheral  blood  and  CSF  samples  
collected  from  43  HIV-­‐‑infected  Malawian  children  presenting  with  either  
neurodevelopmental  delay  or  acute  neurologic  symptoms  (neurodevelopmental  delay  will  
be  examined  in  a  separate  study).    Subjects  were  infected  with  HIV-­‐‑1  subtype  C,  were  ART  
naïve,  and  ranged  in  age  from  3  to  35  months.    Blood  viral  loads  ranged  from  4,344  to  
>80,000,000  copies/mL.  and  CSF  viral  loads  ranged  from  56  to  4,745,000  copies/mL.    The  
virological  characteristics  for  each  subject  are  summarized  in  Table  1.    Infection  is  assumed  
to  be  by  a  vertical  route  but  the  fractions  infected  prepartum,  intrapartum,  or  postpartum  
are  not  known.    To  asses  HIV-­‐‑1  genetic  compartmentalization,  cDNA  templates  were  
generated  from  extracted  blood  and  CSF  viral  RNA  and  used  in  single  genome  
amplification  (SGA)  of  the  full-­‐‑length  viral  env  gene  (3,  158,  228,  272,  297).    A  mean  of  19  
amplicons  were  analyzed  per  sample.    The  sequence  of  the  entire  env  gene  was  determined  
for  each  amplicon  and  phylogenetic  analysis  was  completed.  
Compartmentalization  was  assessed  visually  and  statistically  using  the  Slatkin-­‐‑
Maddison  test  (298).    CNS  compartmentalization  was  defined  by  a  Slatkin-­‐‑Maddison  P  
value  <0.05  and  a  genetically  distinct  CSF  population  with  a  bootstrap  value  ≥40;  we  used  a  
relatively  low  bootstrap  value  in  this  exploratory  analysis  because  of  the  overall  low  
  57  
diversity  of  the  viral  population  in  these  children.    Intermediate  populations  were  defined  
by  a  Slatkin-­‐‑Maddison  P  value  >0.05  but  with  visual  evidence  of  a  minor  CSF  subpopulation  
of  ≥  4  CSF  amplicons  and  a  bootstrap  value  ≥  40.    Equilibrated  populations  were  defined  by  
a  Slatkin-­‐‑Maddison  P  value  >0.05  and  no  evidence  of  a  minor  or  major  CSF  population  
(Table  1).      
Phylogenetic  trees  were  also  examined  for  clonal  amplification.    Clonally  amplified  
lineages  were  defined  as  having  short  branch  lengths  in  the  neighbor-­‐‑joining  phylogenetic  
tree  with  bootstrap  values  ≥  99  and  a  clade  of  ≥  3  variants.    These  lineages  signify  the  recent  
amplification  of  identical  or  nearly  identical  variants.  
  
Relationship of viral populations in blood and CSF 
Twenty  out  of  43  subjects  (46%)  had  equilibrated  viral  populations  in  their  blood  and  
CSF  (Table  1  and  Figure  1A).    For  these  subjects,  sequences  from  the  two  compartments  
were  well  mixed  and  the  CSF  sequences  were  not  genetically  distinct  from  those  of  the  
blood.    Two  of  these  subjects  did,  however,  display  evidence  of  minor  clonal  amplification  
in  the  CSF.    
In  11  out  of  43  subjects  (26%),  an  intermediate  condition  existed  where  the  peripheral  
blood  and  CSF  HIV-­‐‑1  populations  were  not  uniformly  equilibrated  and  contained  a  minor  
CSF  subpopulation  (Table  1  and  Figure  1B).    Six  of  these  intermediate  subjects  displayed  
evidence  of  clonal  amplification.    We  hypothesize  that  the  minor  CSF  population  may  
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indicate  a  precursor  population  within  the  CNS  with  the  potential  to  expand  into  a  
compartmentalized  population  as  infection  progresses  (see  relationship  with  age  below).  
Significant  genetic  compartmentalization  was  detected  between  the  blood  and  CSF  
populations  in  12  out  of  43  subjects  (28%)  (Table  1  and  Figure  1C)  indicating  the  presence  of  
an  independent,  autonomously  replicating  viral  population  within  the  CNS.    In  these  
subjects,  the  virus  in  the  CSF  was  genetically  distinct  from  the  virus  in  the  blood.    In  5  
compartmentalized  subjects,  evidence  of  clonal  amplification  was  observed.    Therefore,  
within  the  first  three  years  of  HIV-­‐‑1  subtype  C  pediatric  infection,  significant  genetic  
compartmentalization  can  be  observed.  
  
Compartmentalization is significantly related to older age and a higher 
CSF/blood viral load ratio 
Relationships  between  subject  characteristics  and  compartmentalization  were  
assessed  using  the  Mann-­‐‑Whitney  test.    Older  children  were  more  likely  to  have  
compartmentalized  CSF  variants  when  compared  to  equilibrated  (P=0.05)  and  intermediate  
subjects  (P=0.005)  (Figure  2A).    As  the  majority  of  vertical  transmission  occurs  early,  either  
in  utero,  at  delivery  or  during  the  first  months  of  breast  feeding  (4),  older  age  provides  a  
longer  period  of  time  for  viral  variants  to  become  established  within  the  CSF.    No  
relationship  was  observed  between  the  blood  and  CSF  viral  loads  and  subject  classifications  
(Figure  3).    However,  a  higher  CSF/blood  viral  load  ratio  was  significantly  related  to  
compartmentalization  when  compared  to  equilibrated  (P=0.02)  or  intermediate  subjects  
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(P=0.001)  (Figure  2B),  consistent  with  the  occurrence  of  local  replication  and  expansion  of  
viral  populations  within  the  CNS  independent  from  the  peripheral  blood.    Thus,  
compartmentalization  most  often  appears  subsequent  to  transmission  and  is  associated  with  
a  higher  CSF/blood  viral  load  ratio,  representing  virus  produced  locally  in  the  CNS.  
  
Evolutionary history of viral populations within the first three years of life 
Bayesian  Evolutionary  Analysis  by  Sampling  Trees  (BEAST)  (78)  was  used  to  
estimate  the  time  to  most  recent  common  ancestor  (TMRCA)  of  the  entire  viral  populations  
and  the  compartmentalized  populations  (Table  1).    For  the  majority  of  the  subjects,  
transmission  was  predicted  to  have  occurred  at  birth  ±  6  months,  as  shown  by  the  good  
concordance  between  the  TMRCA  and  the  age  of  the  child  at  the  time  of  sampling  (Figure  
4A).    For  5  subjects,  the  predicted  TMRCA  was  substantially  higher  than  the  age  of  the  child,  
which,  based  on  further  analysis  (discussed  below),  was  probably  due  to  multiple  
transmitted  viruses.  
As  the  majority  of  subjects  were  probably  infected  at  or  around  the  time  of  birth,  we  
were  able  to  depict  the  occurrence  of  compartmentalization  as  a  function  of  time  (Figure  4B).    
Before  age  18  months,  the  populations  in  half  the  children  were  equilibrated,  with  more  
intermediate  populations  than  compartmentalized  in  the  remaining  half.    After  age  18  
months,  about  half  of  the  children  continued  to  have  equilibrated  populations  while  in  the  
remainder,  compartmentalized  populations  were  now  much  more  prevalent  than  
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intermediate  populations.    These  data  further  support  a  potential  transition  over  time  in  
one-­‐‑half  of  the  children  to  increasing  CNS  compartmentalization  in  the  absence  of  
antiretroviral  therapy.    
  
Evidence of multiple transmitted variants 
For  5  subjects  for  whom  the  predicted  TMRCA  was  substantially  greater  than  the  
age  of  the  subject  (Figure  4A),  further  analysis  revealed  the  presence  of  multiple  transmitted  
viruses  (Table  1).    For  one  compartmentalized  subject  (3002;  age  5  months),  phylogenetic  
analysis  revealed  a  deep  bifurcation  separating  two  distinct  viral  populations,  one  
comprised  almost  exclusively  of  CSF  variants,  and  the  other  comprised  primarily  of  blood  
variants  (Figure  5A).    Sequence  analysis  demonstrated  that  the  viral  populations  were  
genetically  distinct  and  had  minimal  recombination  (Figure  5B).    The  overall  TMRCA  was  
52  months,  while  the  TMRCAs  for  the  distinct  plasma  and  CSF  populations  were  6  and  8  
months,  respectively.    Together,  these  results  indicate  that  the  mother  likely  transmitted  two  
genetically  distinct  viruses  to  the  child,  and  one  variant  was  sequestered  within  the  CNS  
while  the  other  was  maintained  within  the  periphery.    A  multiple  variant  transmission  
event  was  observed  in  one  additional  compartmentalized  subject  (Figure  6),  two  
intermediate  subjects  (Figure  7  and  8)  as  well  as  one  equilibrated  subject  (Figure  9).    For  the  
compartmentalized  and  intermediate  subjects,  one  virus  was  sequestered  within  the  CNS.    
For  the  equilibrated  subject,  both  transmitted  variants  expanded  within  the  blood  and  CSF.    
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These  data  suggest  that  some  variants  can  get  selectively  established  in  the  CNS  early  after  
transmission.  
  
Evolution of CSF viruses to infect cells with low levels of CD4 surface 
expression 
Macrophage  tropism  of  HIV-­‐‑1  is  associated  with  the  ability  to  infect  cells  expressing  
low  levels  of  CD4  (119,  262,  322),  while  R5  T  cell-­‐‑tropic  viruses  infect  these  cells  very  poorly  
and  require  high  levels  of  CD4  to  enter  cells  (142,  331).    However,  different  preparations  of  
macrophages  vary  significantly  in  their  ability  to  be  infected  due  to  differing  levels  of  CD4  
in  separate  preparations  of  monocyte-­‐‑derived  macrophages  (MDM)  (Joseph  et  al.,  in  
preparation).    To  avoid  this  confounding  variability,  we  have  turned  to  a  cell  line  that  has  
regulatable  levels  of  CD4  and  CCR5,  i.e.  293-­‐‑Affinofile  cells  (151).    Entry  phenotype  was  
assessed  by  measuring  the  ability  of  pseudotyped  reporter  viruses  to  enter  cells  expressing  
either  high  or  low  levels  of  CD4.    Viruses  pseudotyped  with  Env  proteins  derived  from  
virus  in  equilibrated  subjects  were  only  able  to  infect  Affinofile  cells  with  high  CD4  surface  
expression  and  were  considered  R5  T  cell-­‐‑tropic  (Figure  10A).    Viruses  pseudotyped  with  
Env  proteins  derived  from  virus  in  intermediate  subjects  were  also  only  able  to  infect  cells  
expressing  high  levels  of  CD4  which  we  infer  defines  R5  T  cell  tropism  (Figure  10B).    A  
partially  evolved  entry  phenotype  was  observed  in  subjects  4007  and  4013,  where  CSF  
variants  were  able  to  infect  cells  with  low  CD4  at  modest  levels,  potentially  identifying  a  
precursor  population  to  the  low  CD4  entry  phenotype.    Examples  of  viruses  with  a  low  CD4  
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entry  phenotype  were  observed  in  two  compartmentalized  subjects  (4049  and  4058)  (Figure  
10C).    For  both  of  these  subjects,  only  the  Env-­‐‑pseudotyped  viruses  derived  from  the  
compartmentalized  CSF  population,  not  virus  from  the  blood,  were  able  to  infect  cells  with  
low  CD4  surface  expression.    These  results  indicate  that  subtype  C  HIV-­‐‑1  viruses  with  a  low  
CD4  entry  phenotype  can  be  detected  in  the  CSF  of  children,  but  this  is  not  a  common  
occurrence  within  the  first  three  years.    Thus,  we  hypothesize  that  in  most  children  
replication  in  the  CNS  is  sustained  by  growth  in  T  cells,  while  in  a  subset  (10-­‐‑20%  of  
children  with  CNS  compartmentalized  virus)  the  virus  evolves  to  replicate  in  cells  with  low  
CD4  surface  expression,  potentially  macrophages  and/or  microglia.  
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DISCUSSION  
  
Our  study  design  involves  cross-­‐‑sectional  sampling  and  thus  has  several  limitations,  
especially  with  regard  to  inferring  temporal  relationship.    However,  there  is  a  wide  
distribution  of  ages  of  the  subjects  within  the  enrollment  criteria  allowing  us  to  compare  
between  different  age  groups  and  to  draw  correlations  based  on  age.    Also,  the  virus  carries  
the  history  of  longitudinal  evolution  in  its  sequence,  thus  allowing  us  to  infer  dates  of  
bottlenecks  in  the  history  of  viral  replication.    While  cross-­‐‑sectional  analyses  are  inherently  
limited,  we  have  some  basis  for  suggesting  temporal  relationships  in  the  observed  
phenomenon.    Based  on  our  results  we  hypothesize  four  distinct  states  to  describe  the  
relationship  between  virus  in  the  CSF/CNS  and  virus  in  the  blood/periphery.    The  first  state  
has  no  genetic  evidence  for  HIV-­‐‑1  replication  in  the  CNS,  wherein  the  only  virus  detected  in  
the  CSF  is  genetically  similar  to  that  in  the  blood  and  is  typically  present  at  1%  or  lower  of  
the  level  in  the  blood,  possibly  due  to  some  import  or  spill  pathway  from  the  blood  into  the  
CSF.    The  second  state  occurs  prior  to  18  months  of  age  and  involves  minor  
compartmentalization  of  the  CSF  viral  population,  suggesting  some  local  replication  in  the  
CSF/CNS  but  not  to  a  level  where  the  viral  load  increases  in  the  CSF.    In  10-­‐‑20%  of  these  
children  there  is  evidence  for  the  initial  evolution  of  virus  that  can  use  lower  levels  of  CD4,  
potentially  on  a  path  to  becoming  macrophage-­‐‑tropic.    The  third  state  occurs  in  about  half  of  
the  children  older  than  18  months  of  age,  and  in  this  state  the  viral  population  in  the  CSF  
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shows  strong  evidence  of  genetic  compartmentalization,  indicative  of  local  replication  and  
evolution  within  the  CNS.    This  is  also  accompanied  by  a  higher  relative  viral  load  in  the  
CSF  due  to  the  local  production  of  virus  well  above  the  low  level  that  is  imported  from  the  
periphery.    In  about  10-­‐‑20%  of  the  children  with  compartmentalized  virus  in  the  CSF,  we  
identified  variants  that  had  evolved  to  use  low  levels  of  CD4,  which  we  presume  indicates  
that  the  virus  was  now  growing  in  macrophages  and/or  microglia  within  the  CNS.    The  
fourth  state  involves  multiple  variant  transmissions  from  mother  to  infant  of  which  one  
variant  preferentially  replicates  in  the  CNS  and  another  replicates  in  the  periphery.    As  HIV-­‐‑
1  replication  in  the  CNS  can  contribute  to  neurological  disease,  further  research  should  
determine  whether  the  ability  to  detect  different  states  of  CSF  viral  populations  within  the  
CNS  of  young  children  could  guide  strategies  to  monitor  and  prevent  neurodevelopmental  
disorders  in  HIV-­‐‑infected  children.  
Vertically  transmitted  viruses  are  often  highly  homogeneous,  representing  infection  
seeded  by  a  single  variant  and  characterized  by  low  diversity  (5,  210,  264,  279).    We  
identified  five  infants  who  appeared  to  be  infected  with  multiple  variants,  with  the  viral  
populations  in  the  remaining  infants  having  a  phylogenetic  age  consistent  with  the  age  of  
the  infant,  which  we  assume  indicates  infection  with  a  single  variant.    Surprisingly,  in  four  
of  the  five  infants  infected  with  multiple  variants,  one  of  the  variants  was  largely  
sequestered  in  the  CNS/CSF.    For  this  to  occur,  either  one  of  the  transmitted  variants  had  a  
selective  tropism  for  the  CNS,  or  infection  of  the  CNS  was  a  low  probability  event  
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influenced  by  the  chance  introduction  of  a  founder  virus.    Alternatively,  since  the  CNS  is  a  
somewhat  immune-­‐‑privileged  site,  the  absence  of  the  sequestered  virus  in  the  periphery  
may  be  due  to  selection  by  maternal  antibodies  or  the  initial  infant  immune  response  in  that  
compartment.    All  of  the  env  genes  tested  from  three  of  these  subjects  (3002,  3017,  and  4002;  
see  Figure  10)  showed  that  the  pseudotyped  viruses  required  high  levels  of  CD4  to  enter  
cells,  i.e.  were  R5  T  cell-­‐‑tropic.    In  our  previous  work  we  found  multiple  variants  in  
approximately  30%  of  infants  infected  vertically  (264),  which  is  not  substantially  different  
from  the  number  found  here.    The  sequestration  of  virus  in  the  CNS  shortly  after  
transmission  suggests  that  inferring  the  number  of  transmitted  variants  based  on  the  
complexity  of  virus  in  the  blood  may  result  in  an  underestimate  of  the  frequency  of  
transmission  of  multiple  variants.  
We  can  infer  several  other  features  of  compartmentalization  by  comparing  the  age  of  
the  infant  to  the  inferred  age  of  the  viral  population  using  BEAST  for  those  infants  infected  
with  a  single  variant.    In  the  remaining  10  infants  with  compartmentalization  who  were  
infected  with  a  single  variant,  the  age  of  the  CSF/CNS  compartmentalized  viral  population  
was  significantly  less  than  the  age  of  the  entire  viral  population  when  compared  to  the  age  
of  the  infant  (P=0.002;  Wilcoxon  signed  rank  test).    In  these  cases  it  appears  that  
compartmentalization  is  established  after  the  initial  stages  of  infection,  with  the  
compartmentalized  virus  emerging  on  average  at  13.5  months  but  with  outgrowth  in  the  
CNS  only  becoming  apparent  in  the  CSF  approximately  18  months  after  birth.    Thus  we  can  
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identify  two  distinct  pathways  to  compartmentalization:  early  sequestration  of  a  transmitted  
virus  in  the  CNS,  or  the  later  establishment  of  independently  replicating  virus  that  
originates  in  the  periphery.    The  compartmentalized  lineage  in  the  intermediate  group  
appeared  earlier  after  birth  (mean  5.1  months)  compared  to  the  compartmentalized  lineage  
in  the  compartmentalized  group  (mean  13.5  months)  (P=0.008;  Mann-­‐‑Whitney  test).    This  
may  be  an  indication  that  the  intermediate  state  represents  susceptibility  to  viral  replication  
in  the  CNS  but  that  there  is  a  subsequent  bottleneck  that  defines  the  CNS  population.  
Genetically  compartmentalized  R5  T  cell-­‐‑tropic  and  macrophage-­‐‑tropic  HIV-­‐‑1  
subtype  B  populations  have  been  shown  to  be  associated  with  neurological  complications  in  
adults  (283).    The  macrophage-­‐‑tropic  populations  were  genetically  diverse,  representing  
established  CNS  infections,  while  the  R5  T  cell-­‐‑tropic  populations  were  clonally  amplified  
and  associated  with  pleocytosis  (283).    Macrophage-­‐‑tropic  HIV-­‐‑1  variants  are  generally  
characterized  by  the  ability  to  infect  cells  with  low  CD4  surface  expression  (119,  262,  322).    
However,  infection  using  MDM  from  healthy  donors  is  highly  variable,  and  the  variability  
is  correlated  with  different  levels  of  CD4  (Joseph  et  al.,  in  preparation).    For  this  reason,  it  is  
more  quantitative  to  use  a  cell  line  where  the  levels  of  CD4  are  regulatable  and  
reproducible.    Thus  we  have  used  Affinofile  cells  (151)  as  a  surrogate  for  the  entry  
phenotype  of  viruses  able  to  use  low  levels  of  CD4  versus  those  requiring  high  levels  of  
CD4.    Our  results  demonstrated  that  compartmentalized  R5  T  cell-­‐‑tropic  and  what  we  infer  
to  be  macrophage-­‐‑tropic  populations  can  also  be  found  in  the  CSF  of  children  infected  with  
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HIV-­‐‑1  subtype  C.    A  partial  entry  phenotype  was  observed  in  two  intermediate  subjects;  we  
hypothesize  that  this  is  evidence  for  the  initial  evolution  of  virus  that  can  use  lower  levels  of  
CD4,  potentially  on  a  path  to  becoming  macrophage-­‐‑tropic.    
Viral  replication  in  the  CNS  results  in  the  local  production  of  inflammatory  and  
neuronal  destruction  molecules  such  as  monocyte  chemoattractant  protein  (MCP-­‐‑1),  
neopterin,  IP-­‐‑10,  and  neurofilament  light  subunit  (NFL).    Production  of  these  inflammatory  
markers  has  been  observed  in  animal  models  (130,  184)  and  has  been  linked  to  HIV-­‐‑1-­‐‑
associated  neurocognitive  damage  in  adults  (58,  85,  129).    The  potential  for  long  term  
neurocognitive  damage  in  children  as  a  result  of  HIV-­‐‑1-­‐‑associated  production  of  
inflammatory  markers  within  the  CNS,  our  findings  of  compartmentalized  viral  replication  
with  viral  lineage  established  at  13.5  months  on  average,  and  the  ability  of  a  transmitted  
variant  to  become  sequestered  in  the  CNS  shortly  after  transmission  adds  further  
justification  to  the  policy  of  early  initiation  of  antiretroviral  treatment  in  children,  in  this  
case  as  part  of  an  effort  to  prevent  the  establishment  of  compartmentalized  viral  
populations  that  may  contribute  to  neurological  complications.    
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MATERIALS AND METHODS 
  
Study subject population 
The  study  was  approved  by  the  Institutional  Review  Boards  of  the  University  of  
North  Carolina  at  Chapel  Hill  and  the  University  of  Malawi  College  of  Medicine  in  
Blantyre.    Permission  to  participate  in  the  research  study  was  obtained  for  all  children  
through  written  informed  consent  by  the  caregiver.    All  subjects  included  in  this  study  were  
HIV-­‐‑1  subtype  C-­‐‑infected  children  between  3  and  35  months  of  age.    HIV-­‐‑1  infection  was  
verified  at  time  of  enrollment  by  a  positive  PCR  for  HIV  DNA/RNA  if  <18  months  of  age  or  
two  positive  rapid  HIV  antibody  tests  after  age  18  months.    Samples  were  collected  at  a  one  
pre-­‐‑HAART  baseline  visit  for  all  subjects.    CSF  and  blood  plasma  samples  were  used  for  
viral  genetic  compartmentalization  and  env  protein  phenotypic  analyses.    Blood  plasma  and  
CSF  HIV-­‐‑1  viral  loads  (copies/mL)  were  determined  by  the  UNC  Chapel  Hill  Center  for  
AIDS  Research  Virology  Core.  
  
Single genome amplification 
Subtype  C  HIV-­‐‑1  RNA  was  isolated  from  blood  plasma  and  CSF  samples  as  
previously  described  (285).    Briefly,  viral  RNA  was  isolated  from  blood  plasma  and  CSF  
samples  (140  µμL)  using  the  QIAmp  Viral  RNA  Mini  kit  (Qiagen).    Prior  to  RNA  isolation,  all  
blood  plasma  and  CSF  samples  were  pelleted  (0.1–0.5  mL)  by  centrifugation  at  25,000xg  for  
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1.5  hours  at  4oC  to  increase  template  number  and  improve  sampling.    Purified  viral  RNA  
(10-­‐‑50  µμl)  was  reverse  transcribed  using  Superscript  III  Reverse  transcriptase  (Invitrogen)  
and  an  oligo-­‐‑d(T)  primer  according  to  the  manufacturer’s  instructions.    Single  genome  
amplification  (SGA)  of  the  full-­‐‑length  HIV-­‐‑1  env  gene  through  the  3’  LTR  U3  end  was  
conducted  as  previously  described  (272).    Briefly,  cDNA  was  endpoint  diluted  and  nested  
PCR  was  completed  using  Platinum  Taq  High  Fidelity  polymerase  (Invitrogen)  and  the  
primers  Vif1  (272)  and  2.R3.B6R  (5'ʹ-­‐‑TGAAGCACTCAAGGCAAGCTTTATTGAGGC-­‐‑3'ʹ;  nt  
9607  to  9636),  and  EnvA  (272)  and  Low2c  (5'ʹ-­‐‑TGAGGCTTAAGCAGTGGGTTCC-­‐‑3'ʹ;  nt  9591  
to  9612),  were  used  for  the  first  and  second  rounds  of  PCR,  respectively.    PCR  amplicons  
were  sequenced  from  the  start  of  env  through  env  gp41,  gp160  end  (HXB2  numbering  of  
positions  6110-­‐‑8833).    Chromatograms  with  double  peaks,  indicating  amplification  from  
more  than  one  cDNA  template,  as  well  as  sequences  with  frameshift  mutations  resulting  in  
premature  stop  codons,  were  excluded  from  analysis.  
  
Phylogenetic analysis of env viral sequences 
DNA  sequences  alignments  of  env  genes  were  performed  using  ClustalW  (323).    
Sequences  for  each  subject  were  codon  aligned  (MEGA  4.0)  and  phylogenetic  trees  were  
generated  using  neighbor-­‐‑joining  method  (MEGA  4.0)  (319).    Compartmentalization  of  viral  
sequences  was  assessed  using  the  Slatkin-­‐‑Maddison  test  (298)  available  through  HyPhy  
(244)  using  10,000  permutations.    No  contamination  occurred  between  samples  (Figure  11).  
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Bayesian analysis 
A  Bayesian  Markov  Chain  Monte  Carlo  (MCMC)  approach,  as  implemented  in  
BEAST  v.1.6.1  (78),  estimated  TMRCA  for  each  patient  sample.      A  substitution  rate  of  
3.5x10-­‐‑5  substitutions/site/generation  was  fixed  under  a  strict  clock  model,  as  determined  by  
calculation  of  inter-­‐‑patient  percent  difference  in  the  plasma  nucleotide  sequence.    The  HKY  
nucleotide  substitution  model  had  estimated  base  frequencies  and  a  gamma-­‐‑distributed  rate  
heterogeneity  (4  gamma  categories).    A  coalescent  Bayesian  Skyline  tree  prior  with  a  
Piecewise-­‐‑constant  skyline  model  was  used  (4  groups).    The  MCMC  algorithm  was  run  for  
30  million  generations,  logging  every  1000  and  with  a  10%  burn-­‐‑in.    The  results  from  at  least  
two  independent  runs  were  combined,  and  the  effective  sample  size  for  all  estimates  was  
>200.    A  generation  time  of  1.5  days  was  used  for  estimation  of  time  to  the  MRCA  (190).  
  
Construction of HIV-1 env clones 
SGA  amplicons,  selected  based  on  the  subject’s  phylogenetic  tree  structure,  were  re-­‐‑
amplified  from  the  first-­‐‑round  nested  PCR  product  using  the  Phusion  hot  start  high-­‐‑fidelity  
DNA  polymerase  (Finnzymes)  and  the  primers  EnvAClon  (5'ʹ  
CACCGGCTTAGGCATCTCCTGTGGCAGGAAGAA-­‐‑3'ʹ;  nt  5950-­‐‑5982)  and  EnvN  (272)  
following  the  manufacturer’s  instructions.    HIV-­‐‑1  env  amplicons  were  then  gel  purified  
using  the  Qiagen  gel  extraction  kit  (QIagen).    Purified  HIV-­‐‑1  env  genes  (50ng)  were  cloned  
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into  the  pcDNA3.1D/V5-­‐‑His-­‐‑TOPO  expression  vector  (invitrogen)  using  the  pcDNA  3.1  
directional  TOPO  expression  kit  (Invitrogen)  and  the  entire  cloning  reaction  (6  µμl)  was  
transformed  into  MAX  Efficiency  Stbl2  competent  cells  (50  µμl)  as  per  the  manufacturer’s  
instructions.    Bacterial  colonies  were  screened  for  correct  insertion  of  the  HIV-­‐‑1  env  gene  
using  colony  PCR,  and  DNA  was  extracted  from  3-­‐‑6  positive  colonies  using  the  Qiaprep  
spin  miniprep  kit  (Qiagen).  
  
Cells 
293T  cells  were  cultured  in  Dulbecco’s  modified  Eagle  medium  (DMEM)  
supplemented  with  10%  fetal  bovine  serum  (FBS)  and  100  mg/ml  of  penicillin  and  
streptomycin.    293-­‐‑Affinofile  cells  (151)  were  maintained  in  DMEM  supplemented  with  10%  
dialyzed  FBS  (12–14  kD  dialyzed;  Atlanta  Biologicals)  and  50  mg/ml  blasticidin  (D10F/B).    
The  Affinofile  cell  line  was  generously  provided  by  Dr.  Ben-­‐‑Hur  Lee.    
  
Env-pseudotyped viruses 
Each  Env-­‐‑pseudotyped  luciferase  reporter  virus  was  generated  using  the  Fugene  6  
transfection  reagent  and  protocol  (Roche)  to  co-­‐‑transfect  293T  cells  with  an  env  expression  
vector  and  the  pNL4-­‐‑3.LucR-­‐‑E-­‐‑  HIV-­‐‑1  backbone  (obtained  from  the  NIH  AIDS  Research  and  
Reference  Reagent  Program,  Division  of  AIDS,  NIAID,  NIH).    Prior  to  transfection,  293T  
cells  were  seeded  at  a  density  of  4.8  x  105  cells/well  in  6-­‐‑well  tissue  culture  plates  coated  
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with  10%  poly-­‐‑L-­‐‑lysine.    Transfection  medium  was  replaced  five  hours  post-­‐‑transfection  
with  fresh  culture  medium  and  the  cells  were  incubated  at  37oC  for  48  hours,  after  which  
viral  supernatants  were  filtered  with  0.45  µμM  filters  (Millipore)  and  stored  at  -­‐‑80oC.  
  
293-Affinofile cellular surface xxpression of CD4 and CCR5 
293-­‐‑Affinofile  cell  (151)  CD4  and  CCR5  receptor  expression  was  induced  with  
doxycycline  (doxy;  Invitrogen)  and  ponasterone  A  (ponA;  Invitrogen),  respectively,  and  
induced  as  previously  described  (285).    Briefly,  cells  were  induced  with  doxy  (0  ng/ml  or  6  
ng/ml)  and  ponA  (5  µμM)  for  18-­‐‑24  hours  at  37oC  and  receptor  expression  was  measured  
using  quantitative  fluorescence-­‐‑activated  cytometry  (qFACS)  following  staining  with  either  
phycoerythin  (PE)-­‐‑conjugated  anti-­‐‑human  CD4  antibody  (clone  Q4120,  BD  Biosciences)  or  
PE-­‐‑conjugated  mouse  anti-­‐‑human  CCR5  antibody  (clone  2D7,  BD  Biosciences).    CD4  and  
CCR5  receptor  levels  were  quantified  using  QuantiBRITE  beads  (BD  Biosciences).  
  
Single-cycle infection of 293-Affinofile cells 
Env-­‐‑pseudotyped  luciferase  reporter  viruses  were  first  titered  in  triplicate  in  a  96-­‐‑
well  plate  format  on  293-­‐‑Affinofile  cells  (151)  expressing  the  maximum  induction  levels  for  
both  CD4  (6  ng/ml  doxy)  and  CCR5  (5  µμM  ponA)  surface  expression  as  previously  
described  (285).    In  order  to  ensure  that  each  infection  assay  was  performed  within  the  
linear  range,  we  used  the  volume  of  each  virus  needed  to  produce  800,000  relative  light  
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units  (RLUs)  when  used  to  infect  Affinofile  cells  expressing  the  highest  levels  of  CD4  and  
CCR5.    Two  days  prior  to  infection,  96-­‐‑well,  black  tissue  culture  plates  were  coated  with  
10%  poly-­‐‑L-­‐‑lysine  and  then  seeded  with  293-­‐‑Affinofile  cells  at  a  density  of  1.85  x  104  
cells/well.    18-­‐‑24  hours  later,  expression  of  CD4  and  CCR5  was  induced  at  two  conditions  in  
triplicate:  CD4high/CCR5high  (6  ng/ml  doxy  and  5  µμM  ponA,  respectively)  and  CD4low/CCR5high  
(0  ng/ml  doxy  and  5  µμM  ponA).    18  to  24  hours  later,  the  induction  medium  was  removed  
and  gently  replaced  with  100  µμl  of  fresh,  warmed  culture  medium  containing  env-­‐‑
pseudotyped  virus.    The  infection  plates  were  spinoculated  (222)  at  2,000  rpm  for  2  hours  at  
37oC,  and  then  incubated  for  an  additional  48  hours  at  37oC.    Infection  medium  was  then  
removed,  the  cells  were  lysed,  and  luciferase  activity  was  assayed  using  the  luciferase  assay  
system  (Promega).  
  
Nucleotide sequence accession numbers 
The  HIV-­‐‑1  env  nucleotide  sequences  determined  in  this  study  have  been  deposited  in  
GenBank  under  accession  numbers  KC186127-­‐‑KC187733.  
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Table  1:  Subject  population  virologic  and  phylogenetic  characteristics  
3006 35 5.92 3.01 0.001 0 0.158 Eq 14 1 N/A
3032 4 6.79 4.64 0.007 0 0.379 Eq 3 1 N/A
3036 6 6.36 3.42 0.001 0 0.168 Eq 7 1 N/A
3040 15 5.47 3.84 0.024 0 0.023f Eq 4 1 N/A
4001 22 5.48 3.22 0.006 0 0.458 Eq 18 1 N/A
4014 15 7.01 5.08 0.012 0 0.349 Eq 12 1 N/A
4015 22 6.19 4.25 0.011 0 0.476 Eq 19 1 N/A
4016 10 >7.90 6.68 N/A 0 0.458 Eq 6 1 N/A
4026 13 6.6 5.51 0.081 0 0.981 Eq 8 1 N/A
4029 9 5.79 3.42 0.004 0 0.17 Eq, Amp 8 1 N/A
4032 32 5.23 3.71 0.031 0 0.578 Eq, Amp 29 1 N/A
4037 12 6.23 3.18 0.001 0 0.821 Eq 15 1 N/A
4038 16 6.4 4.05 0.004 0 0.771 Eq 11 1 N/A
4039 3 5.7 1.75 0 0 0.203 Eq 7 1 N/A
4041 5 4.85 4.55 0.497 0 0.259 Eq 6 1 N/A
4045 20 6.77 4.74 0.009 0 0.062 Eq 19 1 N/A
4046 16 6.39 4.95 0.036 0 0.943 Eq 15 1 N/A
4055 9 6.67 4.46 0.006 22 0.139 Eq 71 2 *
4056 22 6.36 4.02 0.005 0 0.501 Eq 16 1 N/A
4059 28 5.57 4.59 0.105 0 0.269 Eq 32 1 N/A
3017 5 7.04 4.83 0.006 38 0.091 Inter 24 2 *
3037 8 6.82 4.54 0.005 39 0.095 Inter, Amp 6 1 4
4007 16 5.79 3.72 0.008 33 0.179 Inter, Amp 24 1 16
4008 16 6.43 4.58 0.014 41 0.082 Inter 18 1 14
4009 14 6.23 3.85 0.004 25 0.21 Inter 10 1 8
4013 6 5.57 3.48 0.008 28 0.0001g Inter, Amp 7 1 4
4028 17 5.7 3.72 0.01 40 0.157 Inter 6 1 5
4034 21 6.36 4.27 0.008 67 0.171 Inter 15 1 8
4036 12 6.71 3.82 0.001 75 0.068 Inter 4 1 4
4048 18 5.61 2.94 0.002 39 0.448 Inter, Amp 53 >2 *
4060 12 6.66 3.78 0.001 24 0.282 Inter 19 1 13
3002 5 6.48 5.07 0.039 71 0.008 Comp 57 2 8
3009 17 3.64 3.35 0.512 68 <0.0001 Comp 22 1 6
4002 21 5.99 4.15 0.015 45 0.001 Comp 19 1 12
4004 34 5.87 4.97 0.126 95 <0.0001 Comp, Amp 52, 47j ≥3 52, 24
4017 28 6.02 4.64 0.041 74 0.0001 Comp 26 1 19
4027 35 5.53 3.47 0.009 73 0.0002 Comp, Amp 21 1 7
4030 17 5.84 4.67 0.067 90 <0.0001 Comp 15 1 10
4031 26 4.76 2.8 0.011 67 0.001 Comp 11 1 5
4049 18 7.08 6.32 0.174 94 <0.0001 Comp 16 1 9
4050 23 6.01 3.98 0.009 65 0.024 Comp 17 1 12
4058 20 5.52 4.13 0.041 40 <0.0001 Comp, Amp 18 1 5
4061 19 5.52 3.22 0.005 65 0.013 Comp 9 1 4
TMRCA 
(mo)i
Number 
transmk
Comp 
TMRCA 
(mo)l
VL             
Plasmaa
VL               
CSFbSubject ID Age (mo) VL ratio
c % Compd P Valuee CSF comparth
    
a,bVL,  viral  load;  HIV-­‐‑1  RNA  (log10  copies/ml)  
cCSF/blood  VL  ratio  
dThe  percent  of  CSF  env  sequences  that  were  compartmentalized  (comp.)  for  each  subject.    
CSF  env   sequences  were  considered  compartmentalized  when  ≥4  sequences  were  found  
within  the  same  clade  and  bootstrap  values  ≥40  were  observed.    
eP  values  used  to  measure  genetic  compartmentalization  between  the  blood  plasma  and  
CSF   HIV-­‐‑1   populations   were   obtained   using   the   Slatkin-­‐‑Maddison   test   for   gene   flow  
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between   populations   (298).      A   P   value   <0.05   indicated   statistically   significant   genetic  
compartmentalization.  
fP   value   <0.05   was   obtained   for   subject   3040,   but   visual   assessment   of   the   neighbor-­‐‑
joining   tree   structure   indicated   the   presence   of   an   additional  HIV-­‐‑1   population  within  
the  blood  plasma  that  was  largely  absent  from  the  CSF.    
gP  value  <0.05  was  obtained  for  subject  4013,  but  visual  assessment  of  neighbor-­‐‑joining  
tree  structure  indicated  significant  compartmentalization  was  not  present.  
hHIV-­‐‑1   population   characteristics   in   the   CSF   compartment   (compart).      Eq,   equilibrated  
blood  plasma   and  CSF  populations;   Inter   (Intermediate),   a  minor   subpopulation  of   the  
CSF  was  compartmentalized;  Comp,  significant  compartmentalization  in  the  CSF;  Amp,  
clonal  amplification  of  ≥3  variants  detected  in  the  CSF;  N/A,  not  applicable  when  the  CSF  
viral  load  was  too  low  to  obtain  enough  CSF  env  sequences.  
iThe  time  to  most  recent  common  ancestor  (TMRCA)  analyzed  by  Bayesian  Evolutionary  
Analysis  by  Sampling  Trees  (BEAST)  (78).    
jFor  patient  4004,  ≥3  transmitted  variants  observed:  the  first  variant  evolved  at  52  months;  
the  second  and  third  variants  evolved  at  47  months.  
kNumber  of  variants  transmitted.  
lTMRCA   for   compartmentalized   (Comp)   population   for   intermediate   and  
compartmentalized   subjects.      Equilibrated   subjects   were   not   analyzed   (N/A).      When  
recombination   occurred   between   transmitted   variants,   BEAST   was   unable   to   date  
TMRCA  (*)  
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Figure  1:  HIV-­‐‑1  blood  and  CSF  populations  in  infected  children  can  be  well  equilibrated,  
intermediate  or  compartmentalized    
Neighbor-­‐‑joining  phylogenetic  trees.  env  sequences  from  the  CSF  are  labeled  with  solid  
blue  circles  and  env  sequences  from  the  blood  plasma  are  labeled  with  solid  red  triangles.    
Bootstrap   values   ≥40   are   indicated   (*)   at   the   appropriate   nodes.      Genetic   distance   is  
indicated   at   the   bottom   of   each   figure   (0.001)   and   indicates   the   number   of   nucleotide  
substitutions   per   site   between   env   sequences.      Compartmentalized   populations   are  
indicated   by   open   circle.      Clonal   amplification   is   indicated   by   solid   bar.      (A)   One  
representative   subject   with   well   equilibrated   blood   plasma   and   CSF   populations.      (B)  
Two   subjects   demonstrating   an   intermediate   condition   between   the   blood   plasma   and  
CSF   viral   population.      (C)   Two   subjects   demonstrating   the   presence   of   a   statistically  
significant   compartmentalized   population   within   the   CSF   relative   to   the   blood,   as  
assessed  using  the  Slatkin-­‐‑Maddison  test  (298).  
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P = 0.63 P = 0.005
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P = 0.02
  
Figure  2:  Older  age  and  a  higher  CSF/blood  viral  load  ratio  are  strong  determining  factors  
for  compartmentalization  
Relationships   between   clinical   characteristics   and   genetic   compartmentalization   were  
assessed  using   the  Mann-­‐‑Whitney  test   in  GraphPad  Prism  4.     Horizontal  bars  represent  
median  values.    A  P  value  <0.05  was  considered  statistically  significant.    (A)  Comparisons  
between   age   of   the   subjects   and   compartmentalization.      (B)   Comparisons   between   the  
CSF/blood  viral  load  ratio  of  the  subjects  and  compartmentalization.  
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Figure  3:  No  relationship  between  viral  load  and  subject  classification    
Relationships   between   blood   or   CSF   viral   loads   and   virological   classifications   were  
assessed  using   the  Mann-­‐‑Whitney  test   in  GraphPad  Prism  4.     Horizontal  bars  represent  
median   values.      (A)   Comparisons   between   blood   viral   load   and   CSF   compartment  
classification   (Eq,   equilibrated;   Inter,   Intermediate;   Comp,   compartmentalized.)      (B)  
Comparisons   between   blood   viral   load   and   TMRCA   classification.      (C)   Comparisons  
between  CSF  viral  load  and  TMRCA  classification.  
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Figure  4:  Evolutionary  history  of  HIV-­‐‑1  populations  within  the  first  three  years  of  
pediatric  CNS  infection    
Age  and  TMRCA  comparisons  over  the  first  three  years  of  life.    (A)  Relationship  between  
age   of   subjects   and   TMRCA   of   plasma   population   determined   by   BEAST   (78).    
Concordance  of  age  and  TMRCA  indicated  by  dotted  line.    TMRCA  outliers  are  indicated  
by   open   circle;   equilibrated,   subject   4055;   intermediate,   subjects   3017   and   4048;  
compartmentalized,  subjects  3002  and  4004.      (B)  Pie  charts  grouping  the  children  by  age  
and   showing   the   percentage   of   children   in   each   state   as   a   function   of   time.      Phen,  
phenotype.  
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Figure  5:  Evidence  of  multiple  transmission  events  during  pediatric  HIV-­‐‑1  subtype  C  
infection    
Phylogenetic   and   sequence   analysis   of   plasma   and  CSF  HIV-­‐‑1   populations   for   subject  
3002.      (A)  Neighbor-­‐‑joining   tree.      Sequences   from   the  CSF   are   labeled  with   solid   blue  
circles,  and  plasma  sequences  (PL)  are  labeled  with  solid  red  triangles.    Bootstrap  values  
≥40  are  indicated  (*)  at  the  appropriate  nodes.    Genetic  distance  is  scaled  at  the  bottom  of  
the  figure  (0.001)  and  indicates  the  number  of  nucleotide  substitutions  per  site  between  
env  sequences.    The  subject’s  age  is  noted,  as  well  as  the  overall  TMRCA  and  the  TMRCA  
of   the   two   transmitted   viruses.      The  CNS   sequestered  population   is   represented  by   an  
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open   black   circle.      (B)   Highlighter   plot   of   aligned   env   plasma   and   CSF   sequences,  
generated   at  www.hiv.lanl.gov.      The  HXB2  nucleotide  position  number   is   indicated   on  
the  x  axis,  and  the  sequence  identifier  is  indicated  on  the  y  axis.    Nucleotide  changes  are  
indicated  by  the  following  ticks  on  the  highlighter  plot:  A,  green;  T,  red;  G,  orange;  and  
C,  blue.    The  two  transmitted  populations  are  separated  by  a  heavy  black  line.  
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Figure  6:  Compartmentalized  subject  4004  exhibiting  three  or  more  transmitted  viruses    
Phylogenetic   and   sequence   analysis   of   plasma   and  CSF  HIV-­‐‑1   populations   for   subject  
4004.    (A)  Neighbor-­‐‑joining  tree.    CSF  sequences  are  labeled  with  solid  blue  circles,  and  
plasma   sequences   (PL)   are   labeled   with   solid   red   triangles.      Bootstrap   values   ≥40   are  
indicated   (*)   at   the   appropriate   nodes.     Genetic   distance   is   scaled   at   the   bottom   of   the  
figure  (0.001)  and  indicates  the  number  of  nucleotide  substitutions  per  site  between  env  
sequences.      The   subject’s   age   is   noted,   as  well   as   the   TMRCA   for   the   transmitted   and  
compartmentalized  populations.     The  CNS  sequestered  population  is  represented  by  an  
open   black   circle.      (B)   Highlighter   plot   of   aligned   env   plasma   and   CSF   sequences,  
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generated  at  www.hiv.lanl.gov.     The  HXB2  base  number   is   indicated  on   the  x   axis,   and  
the   sequence   identifier   is   indicated   on   the   y   axis.      Base   changes   are   indicated   by   the  
following   ticks   on   the   highlighter   plot:   A,   green;   T,   red;   G,   orange;   and   C,   blue.    
Sequestered  populations   resulting   from   the   transmitted  viruses   are   separated  by  heavy  
black   lines.     One  variant  was   sequestered  within   the  CSF   (top)   and  additional  variants  
were  established  within  the  blood  (middle).     Another  variant  was  also  isolated  from  the  
CSF  (bottom),  but  the  population  was  not  maintained.  
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Figure  7:  Intermediate  subject  3017  exhibiting  two  transmitted  viruses    
Phylogenetic   and   sequence   analysis   of   plasma   and  CSF  HIV-­‐‑1   populations   for   subject  
3017.      (A)  Neighbor-­‐‑joining   tree.      Sequences   from   the  CSF   are   labeled  with   solid   blue  
circles,  and  plasma  sequences  (PL)  are  labeled  with  solid  red  triangles.    Bootstrap  values  
≥40  are  indicated  (*)  at  the  appropriate  nodes.    Genetic  distance  is  scaled  at  the  bottom  of  
the  figure  (0.001)  and  indicates  the  number  of  nucleotide  substitutions  per  site  between  
env   sequences.     The  subject’s  age   is  noted,  as  well  as   the  overall  TMRCA.     BEAST  was  
unable  to  assign  a  TMRCA  to  the  internal  nodes  due  to  recombination  in  the  population.    
The  CNS  sequestered  population  is  represented  by  an  open  black  circle.  (B)  Highlighter  
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plot   of   aligned   env   plasma   and   CSF   sequences,   generated   at   www.hiv.lanl.gov.      The  
highlighter   plot   characteristics   are   the   same   as   those   stated   in   Figure   6.      Subject   was  
likely  infected  with  two  viral  variants  during  transmission.     The  two  sequences  that  are  
closest   to   the   parental   strains   are   PL_14   (top)   and   CSF_3   (bottom),   and   recombination  
between  the  transmitted  viruses  appears  to  account  for  much  of  the  env  genetic  diversity  
detected   in   both   the   plasma   and   CSF   populations.      The   transmitted   CSF   variant   was  
maintained   within   the   CNS,   generating   a   minor   CSF   population   with   small   local  
replication,  accounting  for  the  intermediate  state  observed  for  this  subject.  
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Figure  8:  Intermediate  subject  4048  exhibiting  greater  than  two  transmitted  viruses    
Phylogenetic   and   sequence   analysis   of   plasma   and  CSF  HIV-­‐‑1   populations   for   subject  
4048.      (A)  Neighbor-­‐‑joining   tree.      Sequences   from   the  CSF   are   labeled  with   solid   blue  
circles,  and  plasma  sequences  (PL)  are  labeled  with  solid  red  triangles.    Bootstrap  values  
≥40  are   indicated   (*)   at   the  appropriate  nodes.     The  phylogenetic   tree   characteristics  are  
the  same  as  those  stated  in  Figure  7.    (B)  Highlighter  plot  of  aligned  env  plasma  and  CSF  
sequences,   generated   at   www.hiv.lanl.gov.      The   highlighter   plot   characteristics   are   the  
same  as  those  stated  in  Figure  6.    Several  unique  motifs  were  observed  around  1000  base  
pairs   (top),   indicating   that   there   were   potentially   greater   than   2   transmitted   viruses.    
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Recombination  between  the   transmitted  viruses  appears   to  account  for  much  of   the  env  
genetic  diversity  detected  in  both  the  plasma  and  CSF  populations.    The  transmitted  CSF  
variant  was  maintained  within  the  CNS,  generating  a  minor  CSF  population  with  small  
local  replication,  accounting  for  the  intermediate  state  observed  for  this  subject.  
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Figure  9:  Equilibrated  subject  4055  exhibiting  two  transmitted  viruses  
    Phylogenetic  and  sequence  analysis  of  plasma  and  CSF  HIV-­‐‑1  populations   for   subject  
4055.      (A)  Neighbor-­‐‑joining   tree.      Sequences   from   the  CSF   are   labeled  with   solid   blue  
circles,  and  plasma  sequences  (PL)  are  labeled  with  solid  red  triangles.    Bootstrap  values  
≥40  are  indicated  (*)  at  the  appropriate  nodes.    Genetic  distance  is  scaled  at  the  bottom  of  
the  figure  (0.001)  and  indicates  the  number  of  nucleotide  substitutions  per  site  between  
env  sequences.    The  subject’s  age  is  noted,  as  well  as  the  overall  TMRCA.    (B)  Highlighter  
plot   of   aligned   env   plasma   and   CSF   sequences,   generated   at   www.hiv.lanl.gov.      The  
highlighter   plot   characteristics   are   the   same   as   those   stated   in   Figure   6.      Subject   was  
  89  
likely   infected   with   2   viral   variants   during   transmission.      The   two   sequences   that   are  
likely  closet  to  the  parental  strains  are  CSF_16  and  PL_4,  and  recombination  between  the  
transmitted  viruses  appears  to  account  for  much  of  the  env  genetic  diversity  detected  in  
both  the  plasma  and  CSF  populations.     Both  variants  were  maintained  within  the  blood  
and  CSF,  accounting  for  the  equilibrated  state  observed  for  this  patient.  
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Figure  10:  Compartmentalized  HIV-­‐‑1  CSF  populations  in  children  can  have  a  low  CD4  
entry  phenotype    
Single-­‐‑cycle  infection  of  HIV-­‐‑1  Env-­‐‑pseudotyped  reporter  viruses  on  CD4lowCCR5high  293-­‐‑
Affinofile   cells   (151).   Receptor   expression   was   measured   as   follows:   CD4low   =   1,702  
receptors/cell,  CD4high  =  63,387  receptors/cell,  CCR5high  =  26,117  receptors/cell.    The  data  are  
averaged   from   triplicate   wells   for   each   of   2   to   3   env   clones   that   were   generated   per  
indicated  amplicon.    Amplicons  were  selected  for  cloning  to  represent  different  portions  
of  the  phylogenetic  tree.    Panels  show  infection  results  for:  (A)  equilibrated  subjects;  (B)  
intermediate;   and   (C)   compartmentalized   subjects.      Selected   HIV-­‐‑1   env   sequences   are  
indicated   by   a   black   square   followed   by   the   env   name   on   neighbor   joining   trees   for  
several  subjects  (Figure  1).  
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Figure  11:  No  contamination  was  observed  between  subjects    
Neighbor-­‐‑joining   phylogenetic   tree   (radial   topology).      env   sequences   from   the  CSF   are  
labeled  with  solid  blue  circles  and  env  sequences  from  the  blood  plasma  are  labeled  with  
solid  red  triangles.    Genetic  distance  is  indicated  at  the  bottom  of  the  figure  and  indicates  
the  number  of  nucleotide  substitutions  per  site  between  env  sequences.    Each  subject  ID  
is  indicated.  
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CHAPTER III. COMPARTMENTALIZED REPLICATION OF R5 T CELL-TROPIC 
HIV-1 IN THE CENTRAL NERVOUS SYSTEM EARLY IN THE COURSE OF 
INFECTION2 
 
OBJECTIVE 
  
Compartmentalized  HIV-­‐‑1  replication  within  the  central  nervous  system  (CNS)  
likely  provides  a  foundation  for  neurocognitive  impairment  and  a  potentially  important  
tissue  reservoir.    The  timing  of  emergence  and  character  of  this  local  CNS  replication  has  not  
yet  been  defined  in  a  population  of  subjects.    We  examined  the  frequency  of  elevated  HIV-­‐‑1  
RNA  concentration  in  the  CSF,  the  nature  of  the  CSF  viral  population  compared  to  the  
blood,  and  the  presence  of  a  cellular  inflammatory  response  (with  the  potential  to  bring  
infected  cells  into  the  CNS)  using  paired  cerebrospinal  fluid  (CSF)  and  blood  samples  
obtained  over  the  first  two  years  of  subtype  B  infection  from  72  ART-­‐‑naïve  subjects.    Using  
single  genome  amplification  (SGA)  and  phylodynamics  analysis  of  the  full-­‐‑length  env  gene,  
we  compared  CSF  and  blood  viral  populations  in  33  out  of  the  72  subjects.    Independent  
replication  of  HIV-­‐‑1  in  the  CNS  (compartmentalization)  was  detected  in  12%  of  sample  
pairs,  predominantly  after  four  months  of  infection.    In  subjects  with  longitudinal  sampling,  
35%  showed  evidence  of  CNS  viral  replication  or  pleocytosis/inflammation  in  at  least  one  
                                                                                                              
2	  C.B.  Sturdevant,  G.  Schnell,  R.W.  Price,  R.  Swanstrom,  and  S.  Spudich.    The  data  presented  in  this  chapter  are  
currently  submitted  to  a  peer-­‐‑reviewed  journal.    Author  contributions  are  as  follows:  conceived  and  designed  
the  experiments,  CBS  GS  RWP  RS  SS;  performed  the  experiments,  CBS  GS;  analyzed  the  data,  CBS  GS  RWP  RS  
SS;  wrote  the  paper,  CBS  GS  RWP  RS  SS.  
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time  point,  and  in  approximately  20%  of  subjects  we  observed  evolving  CSF/CNS  
compartmentalized  viral  replication  and/or  a  marked  CSF  inflammatory  response  at  
multiple  time  points  suggesting  an  ongoing  or  recurrent  impact  of  the  infection  in  the  CNS.    
Two  subjects  had  one  of  two  transmitted  lineages  (or  their  recombinant)  largely  sequestered  
within  the  CNS  shortly  after  transmission,  indicating  an  additional  mechanism  for  
establishing  early  independent  CNS  replication.    Transmitted  variants  were  R5  T  cell-­‐‑tropic  
and  were  selected  to  use  high  levels  of  CD4  for  entry.    Overall,  examination  of  the  
relationships  between  CSF  viral  populations,  blood  and  CSF  HIV-­‐‑1  RNA  concentrations,  
and  inflammatory  responses  suggested  four  distinct  states  of  viral  population  dynamics,  
with  associated  mechanisms  of  local  viral  replication  and  the  early  influx  of  virus  into  the  
CNS.  
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AUTHOR SUMMARY 
  
Early  HIV-­‐‑1  CNS  replication  likely  provides  a  foundation  for  brain  injury  and  a  
potentially  important  tissue  reservoir.    To  explore  the  character  and  timing  of  emergence  of  
early  HIV-­‐‑1  CNS  replication,  we  examined  paired  cerebrospinal  fluid  (CSF)  and  blood  
samples  from  72  ART-­‐‑naïve  adults,  with  one-­‐‑half  having  longitudinal  samples,  during  the  
first  two  years  following  HIV-­‐‑1  infection.    In  a  cross  sectional  analysis  over  the  first  two  
years  of  infection,  15-­‐‑25%  of  subjects  had  evidence  of  either  local  viral  replication  in  the  
CNS,  defined  by  the  presence  of  CSF  compartmentalization,  or  a  robust  inflammatory  
response,  and  in  approximately  20%  of  subjects  this  CNS  involvement  persisted  over  time.    
In  some  subjects,  one  of  two  transmitted  viruses  replicated  predominantly  within  the  CNS,  
providing  insight  into  how  HIV-­‐‑1  can  establish  independently  replicating  populations  early  
in  different  parts  of  the  body.    Based  on  their  entry  phenotype,  all  viruses  were  selected  for  
replication  in  CD4+  T  cells,  although  this  phenotype  was  slightly  altered  in  the  
compartmentalized  virus.    Overall,  we  suggest  four  states  to  model  the  nature  of  HIV-­‐‑1  CNS  
infection,  which  imply  distinct  mechanisms  of  virus/host  interaction  within  the  CNS  during  
early  infection.  
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INTRODUCTION 
  
While  HIV-­‐‑1  can  be  detected  in  both  the  cerebrospinal  fluid  (CSF)  and  brain  tissue  
during  the  weeks  after  initial  exposure  (70,  89,  238,  284,  308,  318,  326),  it  is  unknown  when  
the  virus  actually  begins  replicating  independently  in  the  central  nervous  system  (CNS).    
Independent  viral  replication  within  the  CNS  has  two  important  implications.    First,  HIV-­‐‑1  
replication  can  lead  to  CNS  dysfunction  and  injury,  and  while  combination  antiretroviral  
therapy  (cART)  has  markedly  reduced  the  incidence  of  HIV-­‐‑associated  dementia  (HAD),  the  
prevalence  of  milder  HIV-­‐‑associated  neurological  disorders  (HAND)  has  increased  (10,  96)  
in  the  cART  era.    Second,  independent  CNS  replication  may  also  provide  a  reservoir  distinct  
from  that  found  in  CD4+  T  cells  in  the  blood  and  lymphoid  tissue.    We  do  not  know  the  time  
course  of  the  virologic  events  that  lead  to  neurological  dysfunction  and  the  potential  
establishment  of  a  CNS  reservoir,  or  the  extent  to  which  these  long-­‐‑term  outcomes  are  
predicted  by  the  initial  aspects  of  virus-­‐‑host  interaction.  
While  extensive  independent,  or  compartmentalized,  CSF/CNS  replication  is  
associated  with  severe  HIV-­‐‑1  clinical  CNS  dysfunction  (82,  132,  225,  238,  285),  genetically  
distinct  virus  can  be  detected  in  the  CNS  throughout  the  course  of  infection  (132,  284).    Thus  
far,  two  types  of  compartmentalization  have  been  defined:  one  in  which  a  few  variants  are  
rapidly  expanded  giving  a  CSF  viral  population  of  low  complexity  (clonal  amplification)  
consisting  of  variants  that  require  high  levels  of  CD4  for  entry  (R5  T  cell-­‐‑tropic).    The  second  
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type  is  characterized  by  a  complex  CSF  viral  population  consisting  of  variants  that  can  enter  
cells  expressing  low  levels  of  CD4  (macrophage-­‐‑tropic),  indicative  of  a  more  prolonged  
period  of  isolated  replication  and  evolution  of  the  entry  phenotype.    Additionally,  we  have  
recently  shown  that  after  vertical  transmission  to  children,  CNS  compartmentalization  can  
be  established  via  two  mechanisms:  the  early  sequestration  of  one  of  multiple  transmitted  
variants  in  the  CNS,  or  the  later  establishment  of  compartmentalized  CNS  virus  originating  
from  the  periphery  (317).    In  a  previous  study,  we  demonstrated  CSF  HIV-­‐‑1  
compartmentalization  in  human  subjects  during  the  first  year  of  HIV-­‐‑1  infection  in  adults  
(284).    However,  that  study  only  examined  viral  population  sequences  from  CSF  and  plasma  
in  a  small  number  of  subjects  (eight),  limiting  the  generalizability  of  our  findings.    
Furthermore,  the  previous  study  had  sparse  assessment  of  longitudinal  samples,  and  
included  no  analysis  of  sources  of  compartmentalized  HIV-­‐‑1  within  the  CSF.          
For  the  current  study,  we  used  single  genome  amplification  (SGA)  and  phylogenetic  
analysis  to  assess  viral  populations  in  the  CSF  in  the  presence  and  absence  of  cellular  
inflammation  (i.e.  pleocytosis)  in  cross-­‐‑sectional  and  often  longitudinal  paired  blood  plasma  
and  CSF  samples  obtained  during  the  first  two  years  of  HIV-­‐‑infection  in  ART-­‐‑naïve  subjects.    
We  also  extended  our  analytical  approach  to  include  Bayesian  Evolutionary  Analysis  by  
Sampling  Trees  (BEAST)  to  assess  time  to  most  recent  common  ancestor  (TMRCA)  of  CSF  
and  blood  HIV-­‐‑1  populations  (78),  and  we  assessed  the  entry  phenotypes  of  selected  clones.    
Based  upon  a  complex  interplay  between  HIV-­‐‑1  RNA  concentration,  viral  
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compartmentalization,  and  CSF  white  blood  cell  (WBC)  count,  we  suggest  at  least  four  
different  patterns  to  characterize  the  relationship  between  virus  in  the  blood  and  virus  in  
the  CSF/CNS  during  the  early  period  after  infection.    The  current  study  considerably  
enhances  the  generalizability  of  our  results  and  provides  an  unprecedented  view  of  the  
early  interactions  of  HIV-­‐‑1  in  the  CNS.  
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RESULTS 
  
Study population and analysis parameters 
We  analyzed  the  HIV-­‐‑1  RNA  concentrations  in  paired  blood  plasma  and  CSF  
samples  collected  from  72  adult  subjects  enrolled  in  an  observational  neurological  study  of  
primary  HIV-­‐‑1  infection,  defined  as  within  one  year  of  initial  infection.    All  subjects  were  
infected  with  HIV-­‐‑1  subtype  B  and  were  ART-­‐‑naïve  at  all  study  intervals,  except  for  one  
subject,  9018,  who  was  treated  with  tenofovir,  emtricitabine,  and  atazanavir  between  the  
first  and  second  analyzed  time  points.    Paired  follow-­‐‑up  samples  were  assessed  for  37  
subjects  with  longitudinal  samples  available  within  the  initial  two  years  post  infection  (p.i.).    
In  total,  144  paired  samples  were  available  for  analysis.    Baseline  demographic  and  clinical  
characteristics  at  enrollment  for  the  entire  cohort  (n=72)  and  for  the  subset  that  had  
sufficient  CSF  viral  RNA  concentrations  (defined  as  greater  than  1,000  copies  of  viral  
RNA/ml)  to  allow  adequate  sampling  of  the  viral  population  via  SGA  (n=33)  are  shown  in  
Table  2.    For  the  33  subjects  whose  samples  were  analyzed  by  SGA,  a  total  of  55  blood  
plasma/CSF  sample  pairs  were  analyzed  including  the  longitudinal  samples  (Table  3;  three  
time  points  and  one  time  point  beyond  2  years  p.i.  were  analyzed  for  subject  9018  and  9040,  
respectively,  but  were  not  included  in  any  overall  population  analysis.)  
Following  SGA  and  phylogenetic  analysis,  compartmentalization  was  assessed  
visually  and  statistically  using  the  Slatkin-­‐‑Maddison  test  (298)  (a  P  value  <  0.05  was  
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considered  significant),  and  three  CNS  phylogenetic  states  were  defined  (Figure  12):  i)  
equilibrated,  with  similar  populations  between  the  blood  and  CSF,  with  no  evidence  of  
independent  CNS  replication  (Figure  12A);  ii)  intermediate,  with  a  minor  genetically  distinct  
but  not  statistically  significant  CSF  population  (Figure  12B);  and  iii)  compartmentalized,  with  
a  genetically  distinct  and  statistically  significant  CSF  population  that  differed  from  the  
population  in  the  blood  (Figure  12C).    In  our  analyses,  compartmentalized  populations  
typically  included  clonally  amplified  variants  often  with  more  genetically  diverse  variants  
(Figure  12C,  Sub.  9040),  and  sometimes  with  the  presence  of  recombinants  between  two  
clonally  amplified  variants  (Figure  12C,  Sub.  9096).    Table  3  shows  the  clinical  and  virologic  
assessment  for  each  subject  who  had  at  least  one  time  point  analyzed  by  SGA,  and  Table  4  
shows  this  information  for  the  39  subjects  who  had  no  time  points  analyzed  by  SGA.  
We  also  considered  what  role  cellular  inflammation  (pleocytosis)  might  play  in  
determining  both  the  HIV-­‐‑1  RNA  concentrations  and  the  nature  of  the  viral  population  in  
the  CSF,  specifically  whether  an  equilibrated  population  might  exist  with  higher  CSF  HIV-­‐‑1  
RNA  concentrations  due  to  an  influx  of  cells,  including  infected  cells,  during  an  
inflammatory  response.    For  our  analyses,  we  chose  a  cut-­‐‑off  of  10  WBC/µμl  to  define  a  state  
of  CSF  pleocytosis,  as  this  is  two-­‐‑times  the  published  normal  values  of  CSF  WBC  (0  to  5  
cells/µμl)  (97)  ensuring  that  the  measured  pleocytosis  was  a  robust  marker  for  an  
inflammatory  response.  
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Approximately two-thirds of subjects have low CSF viral RNA concentrations 
during the first two years of infection 
In  order  to  assess  temporal  patterns  of  CNS  viral  replication  and  inflammation,  we  
treated  all  144  paired  samples  from  the  72  subjects  as  independent  observations  (a  limitation  
of  the  analysis  but  one  that  allowed  us  to  categorize  the  samples  by  time  post  infection).    We  
divided  the  samples  into  the  following  three  windows:  acute,  0-­‐‑4  months  p.i.;  early,  5-­‐‑12  
months  p.i.;  or  established,  13-­‐‑24  months  p.i..    The  choice  of  these  times  also  allowed  us  to  
bin  the  data  into  groups  with  reasonable  sample  sizes.    Regardless  of  length  of  time  since  
HIV-­‐‑1  infection,  the  CSF  viral  RNA  concentration  was  less  than  1,000  copies/ml  in  
approximately  two-­‐‑thirds  of  samples  (Figure  13A),  suggestive  of  little  local  production  of  
virus  in  the  CNS.    Analysis  of  the  viral  populations  in  the  remaining  samples  showed  that  in  
19-­‐‑30%  of  the  paired  samples  the  viral  population  in  the  CSF  was  similar  to  the  viral  
population  in  the  blood  (i.e.  equilibrated),  and  pleocytosis  was  detected  in  the  CSF  of  one-­‐‑
third  to  one-­‐‑half  of  the  samples  with  these  equilibrated  populations  (Figure  13A).    
Compartmentalized  or  intermediate  viral  populations  were  detected  largely  after  the  first  4  
months,  in  20%  of  samples  in  the  early  group  (total  n=70)  and  6%  of  the  established  group  
(total  n=30).    However,  samples  in  which  pleocytosis  was  detected  were  significantly  less  
likely  to  have  viral  RNA  levels  in  the  CSF  of  less  than  1,000  copies/ml  compared  to  the  total  
group  of  samples  (Figure  13B;  and  see  below).    
We  next  assessed  factors  associated  with  the  CSF  viral  load.    We  first  examined  
subjects  without  evidence  of  inflammation  (i.e.  no  pleocytosis)  and  either  low  viral  load  in  
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the  CSF  (less  than  1,000  copies/ml)  or  an  equilibrated  population  as  evidence  of  no  sustained  
local  replication.    In  these  subjects  the  HIV-­‐‑1  RNA  concentration  in  the  CSF  was  
proportionally  1-­‐‑2%  of  the  level  in  the  blood  (Spearman’s  rank  correlation  coefficient  =  0.48,  
P<0.0001)  (Figure  13C).    We  could  not  determine  whether  this  proportional  relationship  was  
maintained  for  those  samples  in  which  the  CSF  viral  load  was  undetectable  (<50  copies/ml),  
although  there  was  a  trend  for  these  samples  to  be  from  subjects  with  low  plasma  HIV-­‐‑1  
RNA  concentrations  (Figure  13C).  
  
Pleocytosis can be associated with elevated viral load in the CSF and an influx 
of virus from the blood 
Pleocytosis  was  detected  in  36%  of  all  subjects  (Table  3  and  4).    When  pleocytosis  
was  detected,  the  HIV-­‐‑1  RNA  concentration  was  twice  as  likely  (64%,  Figure  13B)  to  be  
above  1,000  copies/ml  in  the  CSF  compared  to  the  overall  population  (two-­‐‑thirds  below  
1,000  copies/ml;  Figure  13A).    Additionally,  when  pleocytosis  was  present  and  the  CSF  viral  
load  was  high  enough  for  SGA  analysis,  the  viral  populations  were  most  often  equilibrated  
(Figure  13D,  open  circles),  with  a  CSF  viral  load  that  was  significantly  higher  than  for  
equilibrated  populations  without  pleocytosis  (P=0.0006,  Mann-­‐‑Whitney  Test)  (Figure  13D).    
This  suggests  that  the  influx  of  infected  CD4+  T  cells  associated  with  pleocytosis  brings  
virus  into  the  CSF/CNS  from  the  blood.    There  was  a  trend  toward  increased  CSF:blood  
albumin  ratio  (a  marker  for  reduced  blood-­‐‑brain  barrier  integrity)  in  the  presence  of  
pleocytosis,  which  could  contribute  to  an  influx  of  virus  (Table  3).    However,  there  was  a  
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similar  (and  statistically  significant)  increase  in  CSF:blood  albumin  ratio  in  the  
compartmentalized  subjects  that  did  not  account  for  the  increase  in  CSF  HIV-­‐‑1  RNA  
concentration  compared  to  the  samples  with  equilibrated  populations  without  pleocytosis  
(Figure  13D;  see  below),  which  was  instead  due  to  local  virus  production.    These  data  
suggest  that  increased  viral  burden  in  the  CNS  can  result  from  two  factors:  independent  
CNS  replication,  generating  compartmentalized  CSF  populations,  or  an  influx  of  infected  
cells  as  the  result  of  the  inflammatory  response  of  pleocytosis,  producing  a  viral  population  
in  the  CSF  that  is  similar  to  that  in  the  blood.    It  is  possible  that  much  of  the  pleocytosis  seen  
in  these  subjects  is  in  response  to  HIV-­‐‑1  replication  in  the  CNS  where  the  influx  of  infected  
cells  from  the  blood  produces  elevated  levels  of  virus  that  obscure  the  detection  of  a  lower  
level  of  the  locally  produced  and  compartmentalized  virus  responsible  for  inducing  the  
inflammation.    Other  agents  that  induce  pleocytosis  should  have  a  similar  effect  on  viral  
load  in  the  CSF  and  this  was  seen  in  an  incident  of  neurosyphilis  in  subject  9018  when  
sampled  at  day  687  p.i.  (Table  3).    However,  we  note  that  pleocytosis  is  not  always  
associated  with  higher  viral  load  (Figure  13B,  13D),  indicating  a  more  complex  and  perhaps  
dynamic  relationship  between  pleocytosis  and  viral  load.  
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Compartmentalized viral populations early are associated with higher CSF 
viral loads, and local replication and/or inflammation can persist or reoccur 
over time 
Little  evidence  for  local  CNS  replication  (intermediate  or  compartmentalized  
populations)  was  detected  until  after  4  months  of  infection  (Figure  13A),  suggesting  that  
detectable  CNS-­‐‑compartmentalized  populations  are  present  at  greater  frequency  with  a  
longer  time  since  HIV-­‐‑1  exposure.    As  noted  above,  CSF  samples  with  compartmentalized  
populations  had  elevated  viral  RNA  loads  when  compared  to  the  samples  with  only  
equilibrated  populations  in  the  absence  of  pleocytosis  (Figure  13D),  consistent  with  local  
production  of  virus  with  the  detection  of  compartmentalization.    However,  those  samples  
with  an  intermediate  population  did  not  have  a  significantly  elevated  viral  RNA  load,  
consistent  with  the  local  production  representing  only  a  fraction  of  the  virus  present  (Figure  
13D).  
We  were  interested  in  examining  whether  these  markers  of  local  replication  and  
inflammation  persisted  over  time.    As  noted  above,  in  our  cross  sectional  analysis  74-­‐‑87%  of  
samples  have  a  CSF  viral  RNA  concentration  less  than  1,000  copies/ml  or  an  equilibrated  
population  with  little  to  no  pleocytosis  (Figure  13A);  however  this  underestimates  the  
probability  of  having  evidence  of  viral  replication  in  the  CNS  within  the  first  two  years.    In  
this  analysis  we  interpret  equilibrated  populations  with  pleocytosis/inflammation  as  an  
indirect  marker  of  local  viral  replication,  i.e.  the  inflammatory  response  to  local  viral  
replication.    Of  the  37  subjects  with  longitudinal  sampling,  17  (46%)  had  low  CSF  viral  loads  
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at  all  sampling  time  points  (Table  4),  and  7  (19%)  had  only  low  CSF  viral  loads  or  
equilibrated  populations  with  minimal  to  no  pleocytosis  at  all  time  points  (Figure  14A).    
Conversely,  35%  of  subjects  (13  out  of  37)  showed  evidence  of  pleocytosis  and/or  
compartmentalized  viral  replication  in  at  least  one  time  point  within  the  initial  two-­‐‑year  
period  (Figure  14B).    Furthermore,  22%  (8  out  of  37)  had  one  of  these  states  in  at  least  two  
time  points  (Figure  14B,  subjects  below  dotted  line).    Thus  approximately  35%  of  subjects  
with  longitudinal  sampling  showed  evidence  of  viral  replication  in  the  CNS  in  at  least  one  
time  point,  and  20%  of  subjects  in  the  first  two  years  of  infection  showed  evidence  of  viral  
replication  and/or  inflammation  within  the  CNS  over  an  extended  period  of  time.    Finally,  if  
the  initial  sample  showed  evidence  of  compartmentalization  or  an  equilibrated  population  
with  pleocytosis,  there  was  a  high  probability  that  at  least  one  subsequent  sample  was  in  
one  of  these  states  compared  to  those  subjects  where  the  initial  sample  was  not  in  one  of  
these  states  (P=0.001).  
  
Genetic evidence for the persistence of HIV-1 CNS replication 
In  two  subjects,  9040  and  9021,  a  compartmentalized  CNS  population  was  observed  
at  enrollment  and  for  all  analyzed  longitudinal  time  points,  spanning  a  period  of  753  and  
201  days  p.i.,  respectively  (one  time  point  beyond  2  years  p.i.  was  analyzed  for  subject  9040  
but  was  not  included  in  any  overall  population  analysis).    Further  analysis  of  these  subjects  
identified  distinct  trends  of  how  HIV-­‐‑1  becomes  established  in  the  CNS.      
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One  pattern  was  seen  in  the  viral  evolution  in  subject  9040  (Figure  15A).    In  this  case  
a  clonally  amplified  population  present  at  the  initial  time  point  (day  165)  was  replaced  with  
a  second  clonally  amplified  variant  at  day  352,  but  the  sampling  included  a  recombinant  
between  the  first  and  second  clonally  amplified  variants.    Several  recombinants  between  
these  two  early  populations  were  maintained  through  day  644  (with  a  subsequent  time  
point  showing  an  equilibrated  population).    Using  BEAST  analysis  to  estimate  number  of  
generations  of  the  viral  population,  the  time  to  most  recent  common  ancestor  (TMRCA)  of  
the  blood  population  at  the  initial  time  point  was  estimated  to  be  209  days,  reasonably  
consistent  with  the  reported  date  of  transmission  (165  days  prior  to  sampling).    We  also  
estimated  that  the  initial  clonally  amplified  CSF  population  was  established  33  days  prior  to  
sampling  (approximately  170  days  after  transmission),  followed  by  a  subsequent  clonal  
amplification  event  and  recombination  between  the  two  lineages.    These  data  showed  the  
early  establishment  of  a  lineage  within  the  CNS  that  persisted  over  a  period  of  at  least  2  
years.    To  our  knowledge,  this  was  the  first  study  to  show  the  maintenance  and  evolution  of  
a  compartmentalized  viral  population  within  the  CNS  over  a  long  duration  of  time  starting  
during  early  infection.  
A  second  trend  was  seen  for  subject  9021  (Figure  15B).    Again,  the  reported  date  of  
transmission,  140  days  prior  to  the  first  sampling  date,  was  reasonably  close  to  the  
transmission  bottleneck  estimated  using  BEAST  at  159  days  prior  to  sampling.    In  this  
subject  one  clonally  amplified  lineage  was  detected  in  the  CSF  at  the  first  sampling  time  
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point  with  an  estimated  age  of  102  days,  or  starting  57  days  post  infection.    This  lineage  was  
not  present  at  the  second  sampling  time  point  (at  341  days)  but  was  replaced  by  a  different  
clonally  amplified  variant  with  an  estimated  age  of  55  days.    Thus  for  this  subject  we  
observed  a  permissive  environment  for  viral  replication  in  which  variants  are  successively  
and  independently  amplified  within  the  CNS.  
  
Timing of introduction of HIV-1 into the CNS 
We  detected  intermediate  compartmentalization  as  early  as  58  days  p.i.  while  
compartmentalized  CNS  populations  were  not  detected  until  after  four  months  of  infection  
(Figure  13A).    Using  BEAST  to  estimate  the  time  to  most  recent  common  ancestor  (TMRCA)  
we  were  able  to  show  that  often  these  CSF  populations  were  established  much  earlier.    Nine  
subjects  (14  samples)  had  an  intermediate  or  compartmentalized  CSF  population  detected  
between  5-­‐‑12  months  post  infection  (Figure  13A);  five  of  these  subjects  had  an  initial  
clonally  amplified  CSF  population.    When  we  determined  the  estimated  TMRCAs  of  these  
CSF  populations,  we  could  date  all  but  one  of  the  early  clonal  amplification  events  as  
starting  around  two  months  after  infection  (Subjects  7146,  9018,  9021,  and  9044;  Table  3).    
These  data  show  that  the  CNS  compartment  is  permissive  for  HIV-­‐‑1  replication  in  at  least  a  
subset  of  subjects  from  very  early  times  after  infection.  
We  have  recently  shown  that  after  vertical  transmission  to  children,  CNS  
compartmentalization  can  be  established  early  via  the  sequestration  of  one  of  multiple  
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transmitted  variants  in  the  CNS  (317).    When  we  reanalyzed  data  from  a  previously  
described  subject  (7146,  Figure  15C)  (284)  using  BEAST,  we  showed  that  the  phenomenon  of  
transmission  of  two  variants  with  one  sequestered  in  the  CSF/CNS  shortly  after  
transmission  also  occurs  in  adults.    In  this  case  the  two  transmitted  variants  diverged  from  
each  other  in  the  donor  (BEAST-­‐‑estimated  TMRCA  of  965  days  but  with  a  reported  
transmission  date  of  156  days  prior  to  sampling)  while  the  transmitted  variants  diversified  
in  the  recipient.    One  lineage  that  was  present  in  both  the  blood  and  CSF  went  through  a  
bottleneck  (presumably  the  transmission  bottleneck)  at  134  days  prior  to  sampling,  again  
consistent  with  the  reported  transmission  date  of  156  days  prior  to  sampling.    The  other  
variant  was  sequestered  in  the  CNS  with  an  estimated  bottleneck  of  85  days,  appearing  
early  as  a  clonally  amplified  variant.    In  addition,  a  series  of  recombinants  between  these  
two  lineages  appeared  in  both  the  blood  and  CSF  over  time.    This  additional  mechanism  for  
establishing  a  compartmentalized  viral  population  within  the  CNS  early  following  
transmission  was  also  observed  for  subject  9018  (Table  3).  
 
All transmitted variants are R5 T cell-tropic and are predominantly selected to 
use high levels of CD4 for entry  
Macrophage-­‐‑tropic  HIV-­‐‑1  variants  can  infect  cells  expressing  low  levels  of  CD4  
while  R5  T  cell-­‐‑tropic  viruses  are  selected  for  replication  in  cells  with  high  levels  of  CD4  for  
entry  (8,  79,  80,  119,  193,  230,  262,  322).    Macrophage-­‐‑tropic  HIV-­‐‑1  is  seen  most  reliably  as  a  
compartmentalized  CSF/CNS  population  in  a  subset  of  individuals  with  HAD.    To  further  
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our  understanding  of  viral  characteristics  in  the  CNS  early  during  infection,  we  analyzed  
the  entry  phenotype  of  viruses  isolated  from  our  adult  primary  infection  cohort.    Affinofile  
cells,  on  which  CD4  and  CCR5  surface  expression  can  be  differentially  induced  (151),  are  a  
more  reproducible  model  for  entry  tropism  analysis  compared  to  primary  cells  (154).    We  
assessed  entry  phenotypes  by  measuring  the  ability  of  pseudotyped  reporter  viruses  to  
enter  Affinofile  cells  expressing  either  high  or  low  levels  of  CD4.    Viruses  pseudotyped  with  
Env  proteins  derived  from  24  subjects,  representing  all  phylogenetic  states  and  a  wide  range  
of  days  p.i.,  were  only  able  to  infect  Affinofile  cells  expressing  CCR5  and  high  levels  of  CD4  
and  were  considered  R5  T  cell-­‐‑tropic  (Figure  16A-­‐‑C).    However,  the  CSF/CNS  
compartmentalized  viruses  showed  a  statistically  significant  small  enhancement  for  entry  at  
low  CD4  compared  to  the  CSF/CNS  equilibrated  viruses  (P=0.0004,  Figure  16C),  suggestive  
of  a  distinctive  replication  environment  (discussed  below).    Thus,  we  conclude  that  in  most  
adults  early  after  infection,  replication  in  the  CNS,  including  compartmentalized,  
independent  replication,  is  dominated  by  viruses  that  have  been  selected  for  replication  in  T  
cells.    Additionally,  these  data  reinforce  the  growing  evidence  that  macrophage-­‐‑tropic  
viruses  are  not  transmitted  (8,  148,  158,  171,  223,  230,  241,  273,  335).  
  109  
DISCUSSION 
  
Independent  HIV-­‐‑1  replication  in  the  CNS  has  been  associated  with  neurological  
disorders  (132,  258,  283)  and  may  represent  a  distinct  reservoir  from  that  found  in  the  blood  
and  lymphoid  tissue  (6,  243).    We  examined  the  virologic  characteristics  associated  with  
early  CNS  infection  through  analysis  of  paired  cross-­‐‑sectional  and  longitudinal  blood  
plasma  and  CSF  samples  from  a  large  cohort  of  72  ART-­‐‑naïve  subjects  infected  with  HIV-­‐‑1  
for  less  than  two  years.    Our  current  study  significantly  builds  upon  a  previous  preliminary  
study  by  our  group  (284),  enabling  us  to  propose  a  model  with  four  distinct  states  to  
describe  the  relationship  between  viral  populations  in  the  CSF/CNS  and  viral  populations  
within  the  peripheral  blood  during  early  HIV-­‐‑1  infection.    These  states  are  based  upon  
details  revealed  by  the  current  study  on  mechanisms  of  establishment  of  viral  
compartmentalization  within  the  CNS,  relationships  between  cellular  inflammation,  HIV  
RNA  levels  and  phylogenetic  state,  and  insight  into  longitudinal  maintenance  and  evolution  
of  compartmentalization.    
The  first  state  (Figure  17A)  was  observed  in  subjects  with  little  evidence  of  CNS  
replication  or  pleocytosis,  with  CSF  HIV-­‐‑1  RNA  concentrations  proportionally  1-­‐‑2%  of  the  
viral  load  in  the  periphery  (Figure  13B).    In  many  of  these  subjects,  the  CSF  HIV-­‐‑1  RNA  
level  was  very  low,  below  the  limit  of  detection  of  standard  assays.    Minimal  CSF  viral  
burden  has  been  observed  in  a  prior  report  on  a  portion  of  this  primary  infection  cohort  
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(308).    With  little  or  no  pleocytosis,  HIV-­‐‑1  is  likely  entering  the  CSF/CNS  at  low  levels  via  
incomplete  partitioning  of  virus  at  the  blood-­‐‑brain  barrier,  or  low  level  trafficking  of  
immune  cells,  including  small  numbers  of  infected  CD4+  T  cells.    In  this  circumstance  the  
viral  population  is  very  similar  to  the  population  in  the  blood.    It  is  possible  that  some  HIV-­‐‑
1  is  replicating  independently  in  the  CNS  at  low  levels  in  these  subjects,  but  we  were  not  
able  to  detect  these  putative  genetic  variants  above  the  low  level  background  of  virus  
recently  imported  from  the  periphery  into  the  CSF/CNS.    An  argument  in  favor  of  even  this  
low  level  viremia  in  the  CSF  being  the  result  of  T  cell  trafficking  is  the  observation  that  in  
neuro-­‐‑asymptomatic  subjects  with  CD4+  T  cells  below  50  cells/ul  in  the  blood  the  viral  load  
in  the  CSF  is  on  average  lower  than  in  subjects  with  higher  CD4+  T  cell  counts  (248,  309).  
In  a  second  state  (Figure  17B),  we  observed  a  relationship  between  equilibrated  viral  
populations  with  elevated  viral  load  and  high  levels  of  pleocytosis  (Figure  13C).    These  
equilibrated  populations  were  most  likely  the  result  of  the  release  of  virus  from  increased  
numbers  of  infected  CD4+  T  cells  trafficking  from  the  periphery  into  the  CNS  in  response  to  
HIV-­‐‑1  replication  or  another  inflammatory  condition  (e.g.  neurosyphilis).    Thus,  while  low  
levels  of  local  CNS  replication  may  have  been  occurring,  the  virus  imported  from  the  
periphery  by  infected  CD4+  T  cells  dominated  the  population  as  it  raised  the  CSF  HIV-­‐‑1  
RNA  concentration  by  release  of  virus.    If  the  inflammatory  immune  response  was  
successful,  pleocytosis  might  eventually  result  in  low  CSF  viral  loads,  a  condition  observed  
in  a  small  subset  of  subjects  with  pleocytosis  but  very  low  levels  of  virus  in  the  CSF  (Table  
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4).    Pleocytosis  was  also  observed  in  several  subjects  with  an  intermediate  viral  population  
phenotype  and  half  of  the  subjects  with  compartmentalized  viral  populations  (Figure  13D),  
suggesting  pleocytosis  may  result  in  dynamic  changes  in  the  viral  population  in  the  CSF.    
An  association  between  equilibrated  compartments  and  high  pleocytosis  was  also  observed  
in  a  previous  study  analyzing  four  HIV-­‐‑1  infected  subjects  during  therapy  interruption  
(299).      
In  a  third  state  (Figure  17C),  we  observed  clonally  amplified  CSF  populations  of  low  
complexity  (Figures  12  and  15)  representing  the  recent  expansion  of  identical  or  nearly  
identical  variants  that  required  high  levels  of  CD4  for  entry  (R5  T  cell-­‐‑tropic;  Figure  16).    
High  levels  of  pleocytosis  were  observed  in  approximately  half  of  the  subjects  with  clonally  
amplified  CSF  populations,  making  it  possible  that  the  influx  of  activated  CD4+  T  cells  may  
also  have  provided  cellular  targets  for  further  transient  amplification  of  a  CSF  variant.    We  
(11)  (Dukhovlinova  et  al.,  in  preparation)  and  others  (44,  159,  293)  have  observed  clonal  
amplification  in  the  genital  tract  as  well  as  in  the  CSF  both  early  (284,  317)  and  later  times  in  
infection  (283).    Clonal  amplification  appears  to  be  a  distinct  type  of  virus-­‐‑host  interaction  
where  infection  of  a  population  of  CD4+  T  cells  in  a  compartment  is  a  low  probability  event  
and  when  it  occurs  there  is  transient  rapid  expansion  of  the  viral  population.      The  detection  
of  clonally  amplified  populations  in  the  CSF  within  the  first  year  of  infection  has  allowed  us  
to  estimate  the  establishment  of  these  populations  within  the  CNS  to  within  the  first  2-­‐‑6  
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months  (Table  3,  Figure  15),  and  such  amplified  populations  were  detected  in  8%  of  subjects  
in  this  study  within  the  first  year.  
In  the  final  state,  we  observed  more  genetically  complex  compartmentalized  viral  
replication  within  the  CSF/CNS  (Figure  17D)  indicative  of  persistent  replication  beyond  a  
single  clonal  amplification  event.    In  an  effort  to  get  a  more  complete  view  of  the  interaction  
of  the  virus  within  the  CNS  at  these  early  times  of  infection  we  have  interpreted  the  
presence  of  persistent  replication  in  the  CNS  based  on  four  criteria:    i)  sequential  clonal  
amplification  events  that  indicated  a  permissive  CNS  environment  for  viral  replication  
(Figure  15B);  ii)  overlapping  clonal  amplification  events  that  gave  rise  to  compartmentalized  
recombinants  showing  continuous  replication  between  the  sampled  time  points  (Figure  
15A);  iii)  intermittent  compartmentalization  and  pleocytosis  suggesting  an  inflammatory  
immune  response  to  ongoing  replication  (Figure  14B);  and  iv)  sequestration  of  a  transmitted  
variant  within  the  CNS  (Figure  15C).    Collectively  these  markers  defined  approximately  
35%  of  subjects  in  the  first  two  years  as  having  evidence  of  viral  replication  in  the  CNS  in  at  
least  one  time  point,  and  20%  having  evidence  of  replication  and/or  inflammation  at  
multiple  time  points  within  this  period.    This  suggests  that  the  CNS  compartment  is  
permissive  for  HIV-­‐‑1  replication  in  at  least  a  subset  of  subjects  from  a  very  early  period  after  
infection.  
Entry  tropism  analysis  revealed  that  all  compartmentalized  variants  required  high  
levels  of  CD4  for  entry.    It  is  now  widely  described  in  the  literature  that  macrophage-­‐‑tropic  
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variants  utilize  low  levels  of  CD4  for  entry  (8,  79,  80,  119,  193,  230,  262,  322),  are  not  
transmitted,  and  that  the  transmitted  virus  is  R5  T  cell-­‐‑tropic  (8,  148,  158,  171,  223,  230,  241,  
273,  335),  an  understanding  further  supported  by  our  phenotypic  analysis  (Figure  16).    Our  
finding  that  the  viruses  involved  in  this  early  persistent  CNS  replication  were  adapted  to  
replication  in  CD4+  T  cells  is  distinct  from  previous  studies  of  individuals  with  HAD  where  
genetically  complex  compartmentalized  CSF  populations  that  had  been  replicating  as  an  
isolated  population  had  evolved  to  replicate  in  macrophages/microglia  (283).    Thus,  
adaptation  to  use  low  levels  of  CD4  for  entry,  a  hallmark  of  macrophage  tropism,  is  not  a  
feature  of  the  transmitted  virus  and  does  not  evolve  during  the  early  stages  of  CNS  infection  
in  adults,  at  least  as  reflected  in  the  compartmentalized  virus  detected  in  the  CSF.      
However,  we  do  note  that  the  compartmentalized  viruses  from  the  CSF  show  a  statistically  
significant  increase  in  the  ability  to  enter  cells  with  low  levels  of  CD4  compared  to  CSF  virus  
from  equilibrated  subjects  (Figure  16C).    One  explanation  for  this  small  difference  is  that  the  
virus  in  the  CNS  is  carrying  out  at  least  a  portion  of  its  replication  in  a  cell  with  low  levels  of  
CD4  which  allows  for  at  least  a  low  level  of  selection  for  a  low  CD4  entry  phenotype.  
Despite  limitations  of  generalizing  CSF  findings  to  those  of  the  CNS  more  broadly,  
our  studies  have  used  the  best  methods  available  in  living  humans  to  assess  HIV-­‐‑1  
populations  derived  from  the  CNS  in  a  unique  cohort  of  subjects  enrolled  during  primary  
HIV-­‐‑1  infection.    Our  results  show  that  in  cross  sectional  analysis  over  the  first  two  years  of  
HIV-­‐‑1  infection,  35%  of  subjects  have  evidence  of  either  local  viral  replication  in  the  CNS  or  
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a  robust  inflammatory  response,  and  that  in  approximately  20%  of  subjects  this  CNS  
involvement  can  persist  over  time.    We  have  found  that  the  viral  population  in  the  CSF  is  
dynamic  as  the  result  of  local  replication  and/or  the  influx  of  virus  in  infected  CD4+  T  cells  
as  part  of  an  inflammatory  response.    This  early  viral  replication  in  a  subset  of  subjects  may  
represent  an  inability  to  protect  the  CNS  from  infection,  potentially  leading  to  HAND  later  
in  infection,  and  may  also  define  a  distinct  reservoir  of  infected  cells  within  the  body.    
Longitudinal  follow-­‐‑up  of  these  subjects  to  examine  the  long-­‐‑term  impact  of  the  presence  of  
early  active  HIV-­‐‑1  replication  in  the  CNS  will  help  to  define  the  significance  of  these  
findings  for  clinical  neurologic  disease  outcomes  and  compartmentalized  viral  reservoirs  in  
the  setting  of  HIV-­‐‑1. 
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MATERIALS AND METHODS 
 
Ethics statement 
The  study  was  approved  by  the  Institutional  Review  Boards  at  UCSF,  Yale  
University,  and  the  University  of  North  Carolina.    All  study  participants  were  adults.    
Written  informed  consent  was  obtained  from  all  participants.      
  
Study design 
We  assessed  samples  obtained  through  an  observational  longitudinal  neurological  
study  of  primary  HIV-­‐‑1  infection  to  determine  viral  characteristics  associated  with  early  
HIV-­‐‑1  CNS  infection.    Subjects  were  referred  from  the  community  and  were  eligible  if  they  
met  prospectively  determined  criteria  for  laboratory  confirmation  of  primary  HIV-­‐‑1  
infection,  as  previously  described  (284).    Blood  and  CSF  samples  were  collected  at  
enrollment,  six  weeks,  and  every  six  months  thereafter.    This  analysis  included  samples  
obtained  up  to  two  years  post-­‐‑infection  from  subjects  enrolled  prior  to  4/1/2012.    CSF  and  
plasma  HIV-­‐‑1  RNA  concentrations  were  determined  as  described  (284);  paired  samples  
were  selected  for  further  SGA  analysis  if  CSF  HIV-­‐‑1  RNA  was  greater  than1,000  copies/ml  
(to  ensure  adequate  sampling).    Primary  study  endpoints  included  SGA  of  HIV-­‐‑1  env  for  
viral  genetic  compartmentalization  and  phenotypic  analyses,  CSF  and  blood  HIV-­‐‑1  RNA  
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concentrations,  measures  of  CSF  cellular  inflammatory  response  (white  blood  count,  WBC)  
and  blood  brain  barrier  disruption  (CSF:plasma  albumin  ratio).      
      
Single genome amplification 
Viral  RNA  was  isolated  as  previously  described  (284).    Briefly,  RNA  was  isolated  
from  samples  (140  µμL)  with  viral  loads  >10,000  copies/ml  using  the  QIAmp  Viral  RNA  Mini  
kit  (Qiagen).    To  increase  template  number,  samples  with  viral  loads  <10,000  copies/ml  were  
first  pelleted  via  ultracentrifugation.    cDNA  was  generated  using  an  oligo-­‐‑d(T)  primer.    
Single  genome  amplification/template  endpoint  dilution  PCR  (158)  of  the  env  gene  through  
the  3’  LTR  U3  end  was  conducted  using  the  cDNA  as  template  as  previously  described  (284,  
317).    Sequences  for  full-­‐‑length  env  were  generated  (samples  analyzed  previously  were  
sequenced  from  the  start  of  V1  through  the  ectodomain  of  gp41  (284)).    
  
Phylogenetic analysis of env viral sequences 
Phylogenetic  analysis  was  conducted  as  previously  described  (317).    In  brief,  DNA  
sequences  were  aligned  (ClustalW)  (323),  codon  aligned  (MEGA  4.0),  and  phylogenetic  trees  
were  generated  (neighbor-­‐‑joining  method,  MEGA  4.0  (319)).    Phylogenetic  states  were  
determined  by  visual  assessment  and  statistically  evaluated  using  the  Slatkin-­‐‑Maddison  (S-­‐‑
M)  test  (298)  as  previously  described  (317).    Phylogenetic  states  included:  
compartmentalization,  genetically  distinct  and  statistically  significant  CSF  population  (S-­‐‑M  
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P  value  <  0.05);  intermediate,  minor  but  not  statistically  significant  CSF  population  of  ≥  4  
CSF  variants  (S-­‐‑M  P  value  >  0.05);  and  equilibrated,  no  evidence  of  a  minor  or  major  CSF  
population  (S-­‐‑M  P  value  >  0.05).    If  discrepancies  existed  between  visual  and  statistically  
observation,  further  analysis  of  sequence  diversity  and  phylogenetic  tree  structure  was  
used.    Low  bootstrap  values  were  used  (≥35)  because  of  the  overall  low  diversity  of  the  viral  
populations  early  after  infection.    Clonally  amplified  lineages  (short  branch  lengths  with  
bootstrap  values  ≥  99  and  a  clade  of  ≥  3  variants)  were  also  identified.  
  
Bayesian analysis 
A  Bayesian  Markov  Chain  Monte  Carlo  (MCMC)  approach  using  BEAST  v.1.6.1  (78)  
estimated  the  TMRCA  for  each  viral  population.      A  substitution  rate  of  1.5x10-­‐‑5  
substitutions/site/generation  and  standard  deviation  of  3.0x10-­‐‑6  were  fixed  under  a  
lognormal  relaxed  clock  (uncorrelated)  model.    The  rate  was  calculated  via  tip  dating,  using  
a  consensus  sequence  (set  as  day  0),  and  the  estimated  days  post  infection.    The  HKY  
nucleotide  substitution  model  had  estimated  base  frequencies  and  a  gamma-­‐‑distributed  rate  
heterogeneity  (4  gamma  categories).    A  coalescent  Bayesian  Skyline  tree  prior  with  a  
Piecewise-­‐‑constant  skyline  model  was  used  (10  groups).    The  MCMC  algorithm  was  run  for  
30  million  generations,  logging  every  1000  and  with  a  10%  burn-­‐‑in.    The  results  from  at  least  
two  independent  runs  were  combined,  and  the  effective  sample  size  for  all  estimates  was  
>200.    A  generation  time  of  1.0  day  was  used.  
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Construction of HIV-1 env clones 
Full  length  HIV-­‐‑1  env  genes  were  re-­‐‑amplified  from  the  first-­‐‑round  SGA  products  as  
previously  described  (283).    The  PCR  product  was  cloned  into  the  pcDNA3.1D/V5-­‐‑His-­‐‑
TOPO  expression  vector  (Invitrogen)  using  the  pcDNA  3.1  directional  TOPO  expression  kit  
(Invitrogen).    
  
Cells 
293T  cells  were  cultured  in  Dulbecco’s  modified  Eagle  medium  (DMEM)  
supplemented  with  10%  fetal  bovine  serum  (FBS)  and  100  mg/ml  of  penicillin  and  
streptomycin.    293-­‐‑Affinofile  cells  (151),  generously  provided  by  Dr.  Ben-­‐‑Hur  Lee,  were  
maintained  in  DMEM  supplemented  with  10%  dialyzed  FBS  (12–14  kD  dialyzed;  Atlanta  
Biologicals)  and  50  mg/ml  blasticidin  (D10F/B).  
  
Env-pseudotyped viruses 
Env-­‐‑pseudotyped  luciferase  reporter  viruses  were  generated  as  previously  described  
(317).    Briefly,  293T  cells  were  cotransfected  with  an  env  expression  vector  and  the  pNL4-­‐‑
3.LucR-­‐‑E-­‐‑  HIV-­‐‑1  backbone  (obtained  from  the  NIH  AIDS  Research  and  Reference  Reagent  
Program,  Division  of  AIDS,  NIAID,  NIH)  using  the  Fugene  6  transfection  reagent  and  
protocol  (Roche).    Transfection  medium  was  replaced  with  fresh  culture  medium  five  hours  
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post-­‐‑transfection  and  the  cells  were  incubated  at  37oC  for  48  hours,  after  which  viral  
supernatants  were  filtered  with  0.45  µμM  filters  (Millipore)  and  stored  at  -­‐‑80oC.  
  
293-Affinofile cellular surface expression of CD4 and CCR5 
293-­‐‑Affinofile  cell  (151)  CD4  and  CCR5  receptor  expression  was  induced  with  
doxycycline  (doxy;  Invitrogen)  and  ponasterone  A  (ponA;  Invitrogen),  respectively,  as  
previously  described  (317).    Briefly,  cells  were  induced  at  two  conditions:  CD4high/CCR5high  
(6  ng/ml  doxy  and  5  µμM  ponA,  respectively)  and  CD4low/CCR5high  (0  ng/ml  doxy  and  5  µμM  
ponA).    CD4  and  CCR5  receptor  expression  was  measured  using  quantitative  fluorescence-­‐‑
activated  cytometry  (qFACS)  following  staining  with  either  phycoerythin  (PE)-­‐‑conjugated  
anti-­‐‑human  CD4  antibody  (clone  Q4120,  BD  Biosciences)  or  PE-­‐‑conjugated  mouse  anti-­‐‑
human  CCR5  antibody  (clone  2D7,  BD  Biosciences),  and  surface  levels  were  calculated  
using  QuantiBRITE  beads  (BD  Biosciences).  
  
Single-cycle infection of 293-Affinofile cells 
As  described  previously  (317),  Env-­‐‑pseudotyped  luciferase  reporter  viruses  were  
first  titered  on  293-­‐‑Affinofile  cells  (151)  expressing  CD4high/CCR5high.    For  viral  infections,  
black  tissue  culture  plates  (96  wells)  were  coated  with  10%  poly-­‐‑L-­‐‑lysine  and  seeded  with  
293-­‐‑Affinofile  cells  (1.85  x  104  cells/well).    Eighteen  to  24  hours  later,  expression  of  CD4  and  
CCR5  was  induced  at  CD4high/CCR5high  and  CD4low/CCR5high.    Eighteen  to  24  hours  later,  the  
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induction  medium  was  removed  and  replaced  with  100  µμl  of  fresh,  warmed  culture  medium  
containing  Env-­‐‑pseudotyped  virus.    The  plates  were  spinoculated  (222)  at  2,000  rpm  for  2  
hours  at  37oC,  and  incubated  for  48  hours  at  37oC.    Infection  medium  was  removed,  cells  
were  lysed,  and  luciferase  activity  was  assayed  using  the  luciferase  assay  system  (Promega).  
  
Statistical analysis 
Compartmentalization  was  assessed  statistically  using  the  Slatkin-­‐‑Maddison  test  for  
gene  flow  (298).    Differences  between  groups  were  examined  for  statistical  significance  
using  the  Mann-­‐‑Whitney  Test.    Correlations  employed  Spearman’s  rank  correlation  
coefficient.    For  all  statistical  tests,  P  values  less  than  0.05  were  considered  significant.  
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Table  2:  Background  demographic  and  clinical  characteristics  of  study  participants  at  
baseline    
Entire PHI cohort                  
(n=72)
Subjects analyzed by SGA 
(n=33)a
Sex, % male 98.6 97
Age, y 36 (28-43) 36 (31-44)
Days post infection 106  (73-158) 128 (76-173)
CD4+ T cells (cells/µl) 567 (411-732) 488 (361-714)
plasma HIV-1 RNA (log10 copies/ml) 4.66 (4.09-5.08) 5.06 (4.72-5.58)
CSF HIV-1 RNA (log10 copies/ml) 2.62 (1.74-3.32) 3.37 (2.97-3.82)
CSF WBC (cells/µl) 6.0 (3.0-10.8) 7.0 (4.0-12.0)
CSF/plasma albumin ratio 5.0 (4.0-6.8) 5.2 (3.7-6.8) 	  	  
NOTE.  Values  shown  are  medians  (interquartile  ranges)  except  where  noted  
aSubjects  with  sufficient  viral  RNA  loads   in   the  CSF   (>1,000  copies  of  viral  RNA/ml;   to  
ensure  adequate   sampling)   for   further  SGA  analysis   at  one  or  more   time  points  within  
the  first  two  years.  
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Table  3:  Subject  population  virologic,  clinical  and  phylogenetic  characteristics    
7146 156 5.63 5.23 0.392 552 86 14.35 Cp, Ap 0.022 965* 85
177 5.34 4.4 0.115 476 97 14.35 Eq 0.162   
203 5.01 4.41 0.252 310 53 7.12 Cp, Ap 0.006  
9001 308 5.29 3.07 0.006 573 4 3.5 Eq 0.648 378  
399 4.87 3.61 0.055 575 5 4.33 Eq 0.967 456  
9002 275 4.65 3.66 0.102 539 8 7.35 In 0.828 296 43
338 4.57 4.08 0.323 501 14 9.61 In, Ap 0.16 309 76
9003 375 4.56 3.18 0.041 521 4 3.19 Eq 0.867 1292*
9006 153 4.44 3.11 0.047 435 8 4.64 Eq 0.842 167
340 4.82 3.21 0.025 453 6 3.75 Eq 0.331 493
9007 149 5.37 2.63 0.002 256 4 10.85 Eq 0.999 307
406 4.47 3.59 0.132 292 4 6.87 In 0.038 231 117
9015 77 5.41 3.33 0.008 474 6 7.4 Eq 0.377 153  
9016 409 5.06 3.38 0.021 344 0 4.2 Eq 0.279 390  
691 4.94 3.12 0.015 237 5 4.3 Eq 0.533 592
9018 200 5.61 4.57 0.093 350 11 6.45 Cp, Ap 0.104 2277* 140
687 4.8 4.47 0.471 491 119m 9.29 Eq 0.257   
876 4.65 4.55 0.805 425 71 11.84 Eq 0.601  
1073 4.95 3.99 0.109 453 14 7.97 Cp, Ap 0.022  
1180 4.98 4.61 0.43 505 17 5.34 Cp, Ap <0.0001
9019 100 4.69 3.14 0.028 750 13 5.58 Eq 0.1173 82
9020 240 4.59 3.45 0.073 368 10 6.95 Cp 0.002 608* 246
9021 140 4.82 3.37 0.036 441 8 4.89 Cp 0.002 159 102
341 5.8 4.01 0.016 446 71 5.21 Ap 0.003 314 55
9024 222 4.75 4.29 0.348 974 12 5.74 Eq 0.315 196  
405 4.63 3.73 0.125 732 5 4.34 Eq 0.697 379  
596 4.4 4.01 0.407 600 10 5.58 Eq 0.735 1045
9025 50 5 4.18 0.15 752 7 3.91 Eq N/A 49  
9027 234 4.84 3 0.015 402 6 6.17 In 0.328 236 115
425 4.76 3.39 0.043 375 5 6.11 Eq 0.973 775  
9036 223 4.48 3.11 0.042 610 4 6.07 Eq 0.298 386
9037 46 5.71 3.43 0.005 884 26 6.35 Eq N/A 52
9039 36 5.57 4.3 0.054 539 53 9.31 Eq 0.465 89  
9040 165 4.22 3.79 0.37 705 4 7.67 Ap <0.0001 209 33
352 4.88 3.15 0.019 664 3 9.19 Cp, Ap <0.0001 262 131
644 5.34 3.64 0.02 484 2 8.15 Cp 0.001 553 321
918 5.44 3.37 0.009 279 4 8.33 Eq 0.39
9044 128 4.82 3.49 0.047 533 20 4.3 In, Ap 0.011 124 50
190 5.08 3.98 0.079 583 30 4.01 Eq, Ap 0.776 307
9045 54 4.75 3.1 0.022 542 9 4.46 Eq, Ap 0.292 214
9048 58 5.21 3.1 0.008 456 11 7.52 In 0.258 131 73
9055 106 5.38 3.51 0.013 619 12 6.42 Eq 0.028 83
9058 110 5.18 3.66 0.03 237 4 2.44 Eq 0.249 398
9062 103 4.88 3.43 0.035 420 16 4.09 Eq 0.24 89  
9063 86 5.06 3.01 0.009 558 4 3.38 Eq 0.548 565*
9071 128 5.59 3.93 0.022 279 6 4.31 Eq 0.815 124  
177 5.64 4.08 0.028 468 13 4.3 Eq 0.994 147  
9073 75 5.68 4.01 0.021 297 42 2.07 Eq 0.954 765*
9076 185 5.66 3.85 0.015 111 4 4.09 Eg 0.989 257
9082 106 4.9 3.94 0.11 421 32 2.14 Eq 0.948 91
9083 151 5.37 3.72 0.022 352 7 3.55 Eq 0.941 374  
344 5.31 3.55 0.017 389 3 5.48 Eq 0.39 754  
9096 271 5.58 3.77 0.015 666 3 2.68 In 0.027 649 253
348 4.39 3.53 0.138 743 9 3.02 Cp, Ap <0.0001 707 337
9097 55 4.9 3.29 0.025 802 8 11.95 Eq 0.0177 63  
Albumin 
ratioh
CNS 
Comparti
TMRCA 
(days)k
Comp 
TMRCA 
(days) l
CD4f
S-M              
P Valuej
Subject 
IDa
Days 
p.i.b
VL 
Plasmac
VL          
CSFd VL ratio
e CSF 
WBCg
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aTime  point(s)  beyond  2  years  p.i.  analyzed  for  subject  9018  and  9040  were  not  included  
in  any  overall  population  analyses.    
bEstimated  
c,dVL,  viral  load;  HIV-­‐‑1  RNA  (log10  copies/ml)  
eCSF/blood  viral  load  rati.  
fCells/µμl  
gCSF  white  blood  cell  (WBC)  count,  cell/µμl  
hCSF/plasma  albumin  ratio  
iHIV-­‐‑1   population   characteristics   in   the   CSF   compartment   (compart).      Eq,   equilibrated  
blood  plasma  and  CSF  populations;  In  (Intermediate),  a  minor  subpopulation  of  the  CSF  
was   compartmentalized;   Cp,   significant   compartmentalization   in   the   CSF;   Ap,   clonal  
amplification  of  ≥3  variants  detected  in  the  CSF.  
jP  values  used   to  measure  genetic  compartmentalization  between  the  blood  plasma  and  
CSF  HIV-­‐‑1   populations  were   obtained   using   the   Slatkin-­‐‑Maddison   (S-­‐‑M)   test   for   gene  
flow  between  populations  (298).    A  P  value  <0.05  indicated  statistically  significant  genetic  
compartmentalization.      When   very   low   sequence   diversity   was   present,   a   Slatkin-­‐‑
Maddison  P  valued  could  not  be  accurately  determined  (N/A).  
kTMRCA  of  the  entire  viral  population,  analyzed  by  BEAST  (78).    An  asterisk  (*)  indicates  
transmission  of  >  1  variant.    
lTMRCA   for   the   compartmentalized   (Comp)   CSF   population   for   intermediate   and  
compartmentalized  subjects.    
mPatient  9018  diagnosed  with  neurosyphilis  at  indicated  date.    
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Table  4:  Virologic  and  clinical  characteristics  for  subjects  not  analyzed  by  SGA  
Subject                           
IDa
Days                     
p.i.b
VL                          
Plasmac
VL                    
CSFd CD4
e CSF                               
WBCf
Albumin
ratiog!
9004 123 3.97 1.69 587 2 4.16
9005 89 2.98 1.69 656 5 2.02
139 3.32 1.69 627 3 2.29
9008 148 2.92 1.69 758 1 4.31
203 3.89 1.69 715 0 4.69
9010 237 3.01 2.31 497 11 5.55
302 3.51 1.69 538 6 3.79
439 2.87 1.69 242 3 5.38
547 4.24 1.81 175 5 5.29
9012 106 4.87 2.60 601 8 11.09
162 5.58 2.89 627 7 11.86
293 5.03 2.69 544 7 10.37
475 4.86 2.47 544 8 10.44
9017 50 4.24 2.18 361 14 4.51
9023 82 4.94 2.58 305 0 10.14
9026 46 4.70 2.62 317 6 6.84
9029 376 4.10 2.95 410 1 6.43
418 4.02 2.33 520 1 5.45
9030 304 4.10 2.05 447 2 5.40
409 3.94 2.65 501 8 5.96
9034 54 3.89 1.69 854 3 4.47
98 3.51 2.08 787 3 4.29
9035 51 4.46 1.75 576 2 4.96
9038 92 1.69 1.69 1234 6 7.38
155 1.69 1.69 1399 4 6.71
289 1.69 1.69 1497 2 7.53
484 1.69 1.69 1251 6 7.77
714 1.69 1.69 898 0 7.96
9042 42 4.24 1.85 854 2 4.79
9043 102 3.50 1.69 1143 4 12.07
185 3.61 1.69 1076 6 10.05
295 4.08 2.09 891 6 10.88
9046 74 2.83 1.69 596 30 12.71
9047 91 4.35 1.56 586 1 7.39
9049 176 3.64 1.86 735 9 3.62
258 4.33 2.20 655 6 3.39
385 4.29 2.18 574 20 3.33
559 4.02 1.63 630 2 3.35
686 4.45 2.46 589 3 2.77
9051 150 4.72 2.46 412 2 5.14   
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9052 75 2.86 1.69 686 7 6.54
143 3.59 1.69 839 5 5.52
325 2.18 1.38 823 4 5.88
523 3.14 2.71 777 15 5.30
9053 72 4.08 1.69 1608 6 4.13
9054 153 3.80 1.69 601 3 5.34
9056 45 4.38 2.54 518 22 5.54
89 4.16 2.80 522 9 4.61
237 3.93 2.49 567 9 3.76
9060 133 4.69 2.88 584 6 5.21
9064 52 3.95 2.56 798 11 5.77
9065 225 4.46 2.64 441 2 3.00
9067 54 4.17 1.88 598 1 2.42
114 3.16 1.69 951 2 2.50
259 3.31 1.69 590 2 2.19
432 4.21 2.18 724 0 3.51
9069 136 5.09 2.77 452 12 3.98
242 4.97 2.68 472 25 3.71
9070 316 3.28 1.69 377 1 2.85
360 3.52 1.90 386 4 2.84
442 3.59 2.12 323 3 2.93
9072 250 4.90 2.99 740 1 3.22
9078 127 3.90 1.69 493 3 9.05
9079 127 4.33 2.79 641 17 7.26
9084 61 4.60 2.61 858 5 3.40
110 3.74 1.86 627 12 4.35
9085 139 4.43 2.21 590 4 4.08
9090 333 4.37 2.83 384 7 3.04
9091 78 4.80 1.80 657 3 8.68
132 4.89 1.78 557 3 10.50
9094 20 5.01 1.74 617 3 3.78
9095 77 5.57 2.30 772 1 4.48
9099 100 4.63 2.17 259 3 4.85
  
aTime  point(s)  beyond  2  years  p.i.  analyzed  for  subject  9018  and  9040  were  not  included  
in  any  overall  population  analyses.    
bEstimated.  
c,dVL,  viral  load;  HIV-­‐‑1  RNA  (log10  copies/ml).  
eCells/µμl.  
fCSF  white  blood  cell  (WBC)  count,  cell/µμl.  
gCSF/plasma  albumin  ratio.  
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Figure  12:  HIV-­‐‑1  blood  and  CSF  populations  early  during  infection  can  be  equilibrated,  
intermediate  or  compartmentalized  
Neighbor-­‐‑joining  phylogenetic  trees  depicting  sequence  relationships  from  subjects  with  
(A)   equilibrated,   (B)   intermediate   and   (C)   compartmentalized   viral   populations.      env  
sequences   from   the   CSF   (blue   circles)   and   blood   plasma   (red   triangles)   are   shown.    
Bootstrap   values   ≥35   are   included   (*)   at   the   appropriate   nodes.      Genetic   distance   is  
indicated  at  the  bottom  of  each  figure  (0.001,  number  of  nucleotide  substitutions  per  site  
between  env   sequences).      Independent  CNS  populations  are  noted  by  an  open   circle   at  
the   appropriate   node   and   a   dashed   (intermediate)   or   solid   (compartmentalized)   blue  
bracket.      Clonal   amplification   is   indicated   by   a   solid   black   bar.
  127  
Eq (-) Int Eq (+) Comp
2
3
4
5
6
CS
F 
HI
V-
1 
RN
A 
(lo
g 1
0c
op
ie
s/
m
L)
Not Analyzed Equilibrated (-) Equilibrated (+) Intermediate Compartmentalized
0-4 months
(n=44)
5-12 months
(n=70)
13-24 months
(n=30)
68% 61% 67%
14%
16%
2%
13%
6%
7%
13%
20%
7%
3%3%A
P < 0.0001
r = 0.48
Limit of Detection
P = 0.0006
P = 0.02C D
B
36%
40%
9%
15%
CSF Pleocytosis
(n=33)
  
Figure  13:  Correlates  of  CSF  HIV-­‐‑1  RNA  levels,  CNS  inflammation,  and  CNS  
phylogenetic  state  
(A)  Pie  charts  grouping  the  samples  by  days  p.i.  and  showing  the  percentage  of  samples  
in  each  phylogenetic  state  as  a  function  of  time:  0-­‐‑4  months  (‘acute’),  5-­‐‑12  months  (‘early’),  
and  13-­‐‑24  (‘established’).    States  represented  include:  Not  Analyzed  by  SGA,  due  to  CSF  
viral  load  <1,000  copies/ml;  Equilibrated  (-­‐‑),  CSF  WBC  <10  cells/µμl;  Equilibrated  (+),  CSF  
WBC  ≥10  cells/µμl;  Intermediate;  and  Compartmentalized.    We  used  a  cut-­‐‑off  of  10  WBC/µμl  
to  define  a  state  of  substantial  CSF  pleocytosis  because  this  is  two-­‐‑times  the  upper  limit  
of  normal  value  of  CSF  WBC  (0  to  5  cells/µμl)  (97)  ensuring  that  the  measured  pleocytosis  
was  a  robust  marker  for  an  inflammatory  response.    (B)  Pie  chart  showing  the  percent  of  
samples  in  each  phylogenetic  state  exhibiting  substantial  CSF  pleocytosis  (CSF  WBC  ≥10  
cells/µμl).      (C)  Relationship  between  plasma  and  CSF  HIV-­‐‑1  RNA  concentrations  for  not  
analyzed   samples   with   minimal   pleocytosis   (NA(-­‐‑);   CSF   WBC   <10   cells/µμl)   and  
equilibrated   samples   with   minimal   pleocytosis   (Eq   (-­‐‑);   CSF   WBC   <10   cells/µμl).    
Spearman’s   rank   correlation   coefficient   and   P-­‐‑value   are   indicated.      Samples   with  
undetectable  CSF  HIV-­‐‑1  RNA  (<50  copies/ml;  limit  of  detection)  were  not  included  in  the  
correlation   analysis.      (D)   Relationship   between   CSF   viral   loads   for   equilibrated   with  
minimal  pleocytosis   (Eq(-­‐‑);  CSF  WBC  <10  cells/µμl);   intermediate   (Int);  equilibrated  with  
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marked   pleocytosis   (Eq(+);   CSF   WBC   ≥10   cells/µμl);   and   compartmentalized   (Comp)  
samples.      Significant  P   values   (Mann-­‐‑Whitney   Test)   comparing   relationships   between  
groups   are   indicated.      Samples   with   evidence   of   marked   pleocytosis   (CSF   WBC   ≥10  
cells/µμl)  are  indicated  using  open  circles,  while  samples  with  minimal  to  no  pleocytosis  
are  indicated  by  solid  circles.    
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Figure  14:  An  assessment  of  the  viral  populations  in  the  two  compartments  
longitudinally      
Examination   of   longitudinal   relationships   early   during   infection   for   20   subjects   with  
multiple   time  points  where   at   least   one   time  point  was   analyzed   for   viral   populations.    
This   group  did   not   differ   significantly   from   the   17   subjects  with   longitudinal   samples  
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available  but  not  analyzed  (due  to  low  CSF  viral  load)  in  the  average  number  of  samples  
per  person  or   the   time  span  covered   (not   shown).     Within   individual   subjects,   the  days  
post   infection  for  each  sample  is   indicated  using  circles,  which  represent   the  following:  
open  light  blue  circle,  sample  not  analyzed  due  to  CSF  viral  load  (VL)  <  1,000  copies/ml  
(NA   (low   CSF   VL));   open   royal   blue   circle;   sample   not   analyzed   but   CSF   VL   >   1,000  
copies/ml   (NA   (high  CSF  VL));   closed  dark  blue   circle,   equilibrated  with  minimal  CSF  
pleocytosis   (CSF  WBC   <10   cells/µμl)   (Equilibrated   (-­‐‑));   closed   pink   circle,   intermediate;  
closed   orange   circle   equilibrated  with  marked  CSF   pleocytosis   (CSF  WBC   ≥10   cells/µμl)  
(Equilibrated   (+));   and   closed   red   circle,   compartmentalized.      (A)   Subjects   with   all  
analyzed   time   points   equilibrated  with  minimal   to   no   pleocytosis   and   remaining   time  
points   not   analyzed.   (B)   Subjects   with   pleocytosis,   an   intermediate   phenotype,   or  
compartmentalization   in   one   time   point   (above   dotted   line)   and   subjects   with  
pleocytosis,   an   intermediate   phenotype,   or   compartmentalization   in   at   least   two   time  
points   (below   dotted   line).      In   every   subject   but   9002,   the   intermediate   (I)   or  
compartmentalized   (C)   viral   sequence   population   changed   between   sampling   time  
points,  indicated  by  different  subscript  numbers.  
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Figure  15:  Compartmentalization  can  persist  and  evolve  independently  within  the  CSF  
over  time  
Neighbor-­‐‑joining   phylogenetic   trees   showing   how   compartmentalization   can:   (A)   be  
persistent   with   multiple   clonal   expansions   allowing   recombination;   (B)   consist   of  
sequential  transient  clonal  expansions;  and  (C)  be  established  with  a  transmitted  variant.    
env  sequences  from  the  CSF  are  labeled  with  circles  (C,  colors  designated  in  figure)  and  
env  sequences  from  the  blood  plasma  are  labeled  with  triangles  (P,  colors  designated  in  
figure).      Days   p.i.   are   noted.      Bootstrap   values   ≥50   are   indicated   (*)   at   the   appropriate  
nodes   to  highlight   the  more   significant  branch  points.     Genetic  distance   is   indicated  at  
the   top   of   each   phylogenetic   tree   (0.001,   number   of   nucleotide   substitutions   per   site  
between   env   sequences.)      Compartmentalized   populations   are   indicated   at   the  
appropriate  node  by  an  open  circle  and  emphasized  using  a  blue  bar.    BEAST-­‐‑generated  
TMRCAs   of   the   entire   viral   population   are   noted   adjacent   to   the   subject   ID,   and   the  
TMRCAs   of   the   different   compartmentalized   linages   (subject   9040   and   9021)   and  
transmitted  parental  lineages  (subject  7146)  are  also  noted.  
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Figure  16:  All  viruses  required  high  levels  of  CD4  for  entry,  indicative  of  selection  for  
replication  in  CD4+  T  cells      
Single-­‐‑cycle  infection  of  HIV-­‐‑1  Env-­‐‑pseudotyped  reporter  viruses  on  CD4lowCCR5high  293-­‐‑
Affinofile   cells   (151).      Receptor   expression   was   measured   as   follows:   CD4low   =   972  
receptors/cell,  CD4high  =  72,041  receptors/cell,  CCR5high  =  15,636  receptors/cell.    The  data  are  
averaged   from   triplicate   wells   for   each   of   2   to   3   env   clones   that   were   generated   per  
indicated  amplicon.    Amplicons  were  selected  for  cloning  to  represent  different  portions  
of  the  phylogenetic  tree.     Panels  show  infection  results  for  a  subset  of:  (A)  equilibrated;  
(B)   intermediate;   and   (C)   compartmentalized   subjects.      Longitudinal   time   points   are  
indicated  (T1,  T2,  T3,  etc.)  and  samples  with  marked  pleocytosis  are  noted  (*).  
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Figure  17:  Four  states  can  define  the  relationship  between  virus  in  the  CSF/CNS  and  
blood  early  during  infection      
Blood   and   CSF/CNS   compartments   are   indicated.      Blood   plasma   viral   variants   are  
represented  by  the  red  virus  particles;  and  CNS  viral  variants  are  represented  by  the  blue  
virus  particles.     CD4+  T  cells  are  represented  by  open  circles.     Arrows  indicate  direction  
of  virus  movement  between  compartments.      (A)  State  with  a  CSF  HIV-­‐‑1  RNA  level  1-­‐‑2%  
of   the   viral   load   in   the   blood   and   defined   by  minimal   to   no   local   CNS   replication   or  
inflammation,   resulting   in   an   equilibrated   state   between   the   two   compartments   (when  
CSF  viral   load  high  enough   for   analysis).     Transparent   infected  CD4+  T   cell   represents  
potential  local  CNS  replication  that  may  be  obscured  by  the  import  of  virus  into  the  CNS  
from  the  periphery.      (B)  State  of  equilibration  between  CSF  and  blood  accompanied  by  
high   levels   of   pleocytosis,   potentially   caused   by   local   CNS   replication.      Transparent  
infected  CD4+  T   cell   represents   potential   local   CNS   replication   likely   obscured   by   the  
high  levels  of  virus  secreted  by  the  infiltrating  CD4+  T  cells.    (C)  State  of  CSF/CNS  clonal  
amplification  of  identical  or  nearly  identical  variants  within  CD4+  T  cells.    These  clonally  
amplified  populations  are  characterized  by  low  diversity,  signified  by  all  CSF  viruses  in  
a   single   shade   of   blue.      (D)   State   of   genetically   complex,   compartmentalized   viral  
replication   within   CD4+   T   cells   in   the   CSF/CNS   indicative   of   persistent   replication  
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beyond   a   single   clonal   amplification   event;   this   complexity   is   signified   by   CNS   viral  
variants  in  multiple  shades  of  blue.  
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CHAPTER IV. COMPARTMENTALIZED SIMIAN IMMUNODEFICIENCY VIRUS 
POPULATIONS OBSERVED IN THE CEREBROSPINAL FLUID OF RHESUS 
MACAQUES EXAMINED OVER THE FULL COURSE OF INFECTION3 
  
OBJECTIVE 
  
Human  Immunodeficiency  virus  type-­‐‑1  (HIV-­‐‑1)  infection  of  the  CNS  can  lead  to  the  
development  of  various  HIV-­‐‑1-­‐‑associated  neurological  disorders  (HAND),  often  occurring  
with  the  presence  of  genetically  distinct  compartmentalized  CSF  populations.    Nonhuman  
primate/Simian  Immunodeficiency  Virus  (SIV)  models  are  powerful  tools  to  study  the  
neuropathogenesis  of  HIV-­‐‑1  as  macaques  can  be  examined  longitudinally  and  both  CSF  and  
brain  tissue  can  be  analyzed.    Using  heteroduplex  tracking  assay  (HTA),  single  genome  
amplification  (SGA)  and  phylogenetic  analysis  of  the  full-­‐‑length  env  gene,  we  examined  
viral  sequences  in  paired  peripheral  blood  and  CSF  collected  over  the  full  course  of  infection  
from  9  rhesus  macaques  infected  with  either  SIVsm  E660  or  SIVsm  E543.    We  observed  slow  
disease  progression  in  4  macaques,  rapid  disease  progression  in  1  macaque,  and  average  
disease  progression  in  4  macaques.    The  macaque  with  rapid  disease  progression  exhibited  
equilibrated  viral  populations  within  the  blood  and  CSF.    In  contrast,  the  4  macaques  with  
                                                                                                              
3CB  Sturdevant  and  R  Swanstrom.    Author  contributions  are  as  follows:  conceived  and  designed  the  
experiments,  CBS  RS;  performed  the  experiments,  CBS  RS;  analyzed  the  data,  CBS  RS;  wrote  the  paper,  CBS  RS.  
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normal  disease  progression  all  had  compartmentalized  CSF  populations,  ranging  from  28%  
to  100%  of  all  CSF  variants  being  compartmentalized.    Clonally  amplified  CSF  variants  were  
also  observed  in  one  macaque,  comprising  most  of  the  compartmentalized  CSF  population.    
Overall,  our  results  show  that  compartmentalized  viral  populations  can  be  observed  in  SIV  
CNS  infection,  providing  further  evidence  that  the  SIV  model  could  potentially  be  used  to  
better  understand  HIV-­‐‑1  CNS  disease  and  virus-­‐‑host  interaction.      
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INTRODUCTION 
  
Human  immunodeficiency  virus  type  1  (HIV-­‐‑1)  appears  in  the  central  nervous  
system  (CNS)  shortly  after  transmission,  with  the  detection  of  HIV-­‐‑1  in  both  the  
cerebrospinal;  fluid  (CSF)  and  brain  tissue  during  the  weeks  after  initial  exposure  (70,  89,  
238,  284,  308,  318),  although  it  is  not  clear  if  the  virus  detected  is  actually  replicating  in  the  
CNS.    In  the  absence  of  therapy  approximately  one-­‐‑third  of  those  infected  will  eventually  
progress  to  HIV-­‐‑1-­‐‑associated  dementia  (HAD)  (31,  116).    While  highly  active  antiretroviral  
therapy  (HAART)  has  markedly  reduced  the  incidence  of  HAD,  the  prevalence  of  milder  
HIV-­‐‑associated  neurological  disorders  (HAND),  including  asymptomatic  HIV-­‐‑associated  
neurocognitive  disorders  (ANI)  and  minor  neurocognitive  disorders  (MND),  appear  to  have  
increased  despite  treatment  (10,  96)  and  affect  quality  of  life  for  infected  individuals  (269).    
We  do  not  know  the  time  course  of  the  virologic  events  (i.e.  viral  replication,  inflammation,  
etc.)  that  lead  to  these  disorders  or  the  extent  to  which  these  long-­‐‑term  outcomes  are  
predicted  by  the  initial  aspects  of  virus-­‐‑host  interaction.  
In  the  CSF  of  patients  with  HAD  it  is  often  possible  to  detect  CSF  viral  populations  
that  are  undergoing  independent,  or  compartmentalized  replication  (82,  132,  225,  238,  285).    
Compartmentalization  of  CSF  variants  has  been  observed  in  neurologically  asymptomatic  
primary  infection  (130,  284).    Additionally,  clonally  amplified  linages,  defined  as  a  group  of  
identical  or  nearly  identical  viral  genomes  recently  expanded  within  the  CSF,  have  also  been  
detected,  differing  from  compartmentalized  populations  in  their  low  level  of  complexity  
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(283).  While  a  significant  body  of  knowledge  has  been  accumulated,  studies  on  HIV-­‐‑1  CNS  
infections  are  limited  in  several  ways.    First  of  all,  studies  analyzing  population  dynamics  
within  the  CNS  rely  on  sampling  of  the  CSF,  as  direct  sampling  of  brain  tissue  is  typically  
available  only  once,  at  autopsy  or  biopsy.    Additionally,  the  CSF  turns  over  rapidly  and  can  
incorporate  virus  from  various  regions  of  the  brain  and  blood;  therefore  determining  the  
region  of  the  brain  where  HIV-­‐‑1  replication  and  compartmentalization  is  occurring  is  not  
possible  through  sampling  the  CSF.    These  factors,  paired  with  a  lack  of  follow-­‐‑up  in  patient  
cohorts  and  the  influence  of  HAART  on  CNS  viral  replication,  makes  analyses  of  viral  
dynamics  in  the  brain  over  the  full  course  of  disease  extremely  difficult.      
Nonhuman  primate/Simian  immunodeficiency  virus  (SIV)  models  are  powerful  tools  
to  study  the  pathogenesis  of  HIV-­‐‑1.    Infections  using  certain  strains  of  SIV  can  result  in  CNS  
disorders,  such  as  viral  meningitis  and  encephalitis,  and  the  Rhesus  macaque/SIV  model  of  
CNS  infection  enables  sampling  of  CSF  throughout  infection  and  allows  rapid  sampling  and  
tissue  preservation  at  autopsy,  removing  the  limitations  of  human/HIV-­‐‑1  infections  (46,  
316).    SIVsm  E660  infection  recapitulates  many  aspects  of  the  typical  disease  course  in  
humans,  including  the  viral  population  dynamics  in  the  blood,  receptor  and  coreceptor  
usage,  and  the  severity  and  incidence  of  CNS  disease,  causing  a  dementia-­‐‑like  illness  in  one  
out  of  three  macaques  (140,  150).    Previous  work  by  our  group  showed  that  discordant  CSF  
populations  could  be  observed  in  SIVsm  E660  rhesus  macaque  infections  (130).    
Additionally,  through  cytokine  analysis  and  staining  of  brain  tissue,  the  authors  provided  
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preliminary  evidence  suggesting  that  the  viral  population  dynamics  between  the  blood  and  
CSF  may  be  associated  with  different  neurological  outcomes.  
As  the  previous  SIV  study  only  analyzed  three  macaques  (130),  a  larger  sample  size  
is  needed  to  make  generalizable  conclusions  regarding  the  viral  population  dynamics  in  the  
CSF  and  blood  during  SIV  infection.    If  the  phenotypes  observed  in  HIV-­‐‑1  CNS  infection  are  
mirrored  in  rhesus  macaques,  SIV  infections  in  macaques  could  provide  an  animal  model  
system  for  studying  CNS  infections,  allowing  us  to  explore  beyond  our  limitations  in  
human  hosts.    We  analyzed  paired  peripheral  blood  and  CSF  over  the  full  course  of  
infection  from  nine  infected  rhesus  macaques.    The  macaques  were  infected  with  either  
SIVsm  E660  or  SIVsm  E543  and  samples  were  collected  at  consistent  intervals  until  end  
stage  disease  (around  forty  weeks  for  the  majority  of  the  macaques).    In  four  of  the  
macaques,  we  observed  slow  disease  progression,  characterized  by  viral  loads  in  the  blood  
and  CSF  too  low  for  analysis.    In  striking  contrast,  we  observed  rapid  disease  progression  in  
one  macaque  that  was  euthanized  at  eight  weeks  post  infection  (p.i.)  and  exhibited  
equilibrated  blood  plasma  and  CSF  viral  populations.    In  the  remaining  four  macaques,  
disease  progression  was  normal,  and  we  observed  significantly  compartmentalized  CSF  
populations  at  week  forty  in  all  four  macaques.    Clonally  amplified  lineages  were  observed  
in  one  macaque.    Overall,  our  results  showed  that  compartmentalized  viral  populations  
could  be  observed  in  SIV  CNS  infection,  providing  further  evidence  that  the  SIV  model  
could  potentially  be  used  to  better  understand  CNS  disease  over  the  full  course  of  infection.
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RESULTS 
  
Study design 
We  examined  viral  populations  in  paired  peripheral  blood  and  CSF  samples  
collected  from  9  rhesus  macaques  over  the  full  curse  of  SIV  infection  (determined  by  end-­‐‑
stage  disease).    Three  macaques  were  infected  with  50  ID50  doses  SIVsm  E660,  an  inoculum  
containing  several  viral  populations  (139),  and  six  macaques  were  infected  with  SIVsm  
E543,  a  pathogenic  molecular  clone  (137).    Specimens  were  collected  every  2  weeks  for  
approximately  the  first  3  months  and  then  approximately  every  4  weeks  until  end-­‐‑stage  
disease  and  euthanasia.    All  but  1  macaque  was  examined  through  at  least  week  40;  
macaque  21602  had  rapid  disease  progression  and  was  euthanized  at  week  8.    Blood  plasma  
viral  loads  were  only  known  for  week  0,  2,  4,  6,  8,  12,  16  and  24  for  all  macaques  (Figure  18),  
and  CSF  viral  loads  were  not  measured.    
In  order  to  determine  whether  the  viral  loads  in  the  blood  plasma  and  CSF  within  
the  macaques  over  the  full  course  of  infection  were  high  enough  for  analysis,  HTAs  were  
first  completed  analyzing  the  specimens  collected  for  all  macaques  from  week  0  through  
week  40,  when  available.    HTA  results  showed  that  macaque  21740  and  21908  had  viral  
loads  below  our  limit  of  detection  in  both  the  plasma  and  CSF  (data  not  shown).    As  the  
plasma  viral  loads  were  low  at  several  earlier  time  points  (Figure  18),  this  result  was  not  
surprising.    It  is  possible  that  these  macaques  were  not  infected  following  inoculation.    
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Macaques  21739  and  21861  had  detectable  viral  loads  within  the  plasma,  supported  by  the  
available  plasma  viral  load  data  (Figure  18),  but  within  the  CSF  the  viral  loads  were  too  low  
for  HTA  analysis  (data  not  shown).    Thus,  we  observed  slow  (or  no)  disease  progression  in  
macaques  21740,  21908,  21739,  and  21861,  characterized  by  low  to  undetectable  viral  loads  in  
the  plasma  and/or  CSF,  and  as  a  result,  we  did  not  proceed  with  these  4  macaques.    
Detectable  plasma  and  CSF  viral  loads  were  measured  within  the  plasma  and  CSF  of  5  
macaques:  2  SIVsm  E660  infected  macaques  (21602  and  21783)  and  3  SIVsm  E543  infected  
macaques  (21775,  21787,  and  21789).    For  macaque  21602,  we  observed  rapid  disease  
progression,  supported  by  very  high  plasma  viral  loads  (Figure  18),  resulting  in  the  
macaque  being  euthanized  at  8  weeks  post  infection  (p.i.).    In  the  remaining  4  macaques,  
disease  progression  appeared  typical  for  infection  with  this  strain  of  SIV.    Virologic  
characteristics  for  each  macaque  are  listed  in  Table  5.  
 
Detection of discordant blood and CSF viral populations within macaques 
using HTA 
We  used  HTA  targeting  the  V1/V2  hypervariable  region  of  env  to  initially  screen  the  
viral  population  dynamics  between  the  peripheral  blood  and  CSF  in  the  5  macaques  with  
detectable  viral  loads  within  both  compartments.    While  limited  in  its  scope,  HTA  analysis  
enabled  us  to  analyze  the  viral  diversity  within  the  blood  and  CSF  through  co-­‐‑visualization  
of  genetic  variants  comprising  at  least  3%  of  the  total  population  (72,  73,  217,  254).    
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Additionally,  as  V1/V2  is  highly  diverse,  this  region  provides  a  sensitive  target  for  
identifying  distinct,  coexisting  genetic  subpopulations  within  the  two  compartments.  
For  macaque  21602  (euthanized  at  week  8  p.i.),  viral  populations  within  the  plasma  
and  CSF  were  concordant  for  all  time  points  (Figure  19A).    As  disease  progression  was  rapid  
in  this  macaque,  it  was  not  surprising  that  the  viral  populations  within  the  blood  and  CSF  
appeared  genetically  similar,  as  there  was  no  time  for  vial  populations  to  become  
established  within  the  CNS  and  expand  independently  over  time.    For  the  remaining  4  
macaques  in  which  disease  progression  appeared  normal,  concordant  viral  populations  
between  the  blood  and  CSF  were  observed  until  week  10  to  week  18  (Figure  19B-­‐‑E).    For  
these  macaques  the  viral  populations  within  the  blood  and  CSF  began  to  diverge  between  3  
and  5  months  p.i.,  evidenced  by  the  unique  HTA  banding  patterns  observed  within  the  two  
compartments.    For  the  duration  of  infection  (through  week  40),  the  banding  patterns  
remained  diverse  within  all  4  macaques.    However,  due  to  the  high  degree  of  complexity  
within  the  two  compartments,  additional  phylogenetic  tools  were  necessary  to  further  
explore  the  population  dynamics  between  the  blood  plasma  and  CSF.    Overall,  it  appears  as  
if  all  macaques,  with  the  exception  of  21602,  contain  discordant  populations  within  the  
blood  and  CSF,  identifying  potentially  compartmentalized  CSF  variants.    Blood  and  CSF  
populations  were  concordant  in  macaque  21602;  therefore,  these  compartments  are  likely  
equilibrated.    HTA  results  are  summarized  in  Table  5.  
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Compartmentalized CSF populations observed in SIVsm E660 and E543 
infected macaques 
To  assess  SIV  genetic  compartmentalization,  cDNA  templates  were  generated  from  
extracted  blood  and  CSF  viral  RNA  and  used  in  single  genome  amplification  (SGA)  of  the  
full-­‐‑length  env  gene  (3,  158,  228,  272,  297)  for  one  early  and  one  late  time  point  for  all  5  
macaques.    The  sequence  of  the  entire  env  gene  was  determined  for  each  amplicon  and  
phylogenetic  analysis  was  completed.    Following  phylogenetic  analysis,  two  CNS  
phylogenetic  states  were  defined:  compartmentalization,  defined  by  a  genetically  distinct  
and  statistically  significant  CSF  population  (Slatkin-­‐‑Maddison  P  value  >  0.05  and  a  
genetically  distinct  CSF  population  with  a  bootstrap  value  ≥50);  and  equilibrated,  defined  by  
no  evidence  of  an  independent  replication  within  the  CNS  (Slatkin-­‐‑Maddison  P  value  >  0.05  
and  no  evidence  of  a  minor  or  major  CSF  population).    Phylogenetic  trees  were  also  
examined  for  clonally  amplified  lineages,  signifying  the  recent  amplification  of  identical  or  
nearly  identical  variants.    
SGA  analysis  of  macaque  21602  supported  our  HTA  analysis;  the  viral  populations  
at  all  time  points  within  the  blood  and  CSF  were  equilibrated,  with  no  evidence  of  
independent  replication  occurring  within  the  CSF  (Figure  20A).    In  contrast,  genetically  
distinct  compartmentalized  populations  were  observed  within  the  CSF  of  the  remaining  
SIVsm  E660  macaque  21783  (Figure  20B)  as  well  as  all  SIVsm  E543  macaques  (Figure  21A-­‐‑
C).    While  all  macaques  had  statistically  significant  compartmentalized  CSF  populations,  
based  on  visual  observation  and  the  Slatkin-­‐‑Maddison  test,  the  most  striking  example  of  
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CNS  compartmentalization  was  observed  in  macaque  21789  (Figure  21C)  in  which  100%  of  
the  CSF  variants  grouped  independently  from  the  blood.    Clonal  amplification  of  a  CSF  
variant  was  only  observed  in  one  SIVsm  E543  macaque,  21775.    Phylogenetic  results  are  
summarized  in  Table  5.  
  
  145  
DISCUSSION 
  
Nonhuman  primate/Simian  immunodeficiency  virus  (SIV)  models  are  powerful  tools  
to  study  the  neuropathogenesis  of  HIV-­‐‑1  as  SIV  infections  often  recapitulate  the  HIV-­‐‑1  
disease  process  in  the  CNS.    Additionally,  CSF  samples  can  be  collected  longitudinally  over  
the  full  course  of  infection  and  brain  tissue  can  be  preserved  at  autopsy  quickly  after  
euthanasia,  limitations  of  studying  HIV-­‐‑1  CNS  infections  in  humans.    If  the  phenotypes  
observed  in  HIV-­‐‑1  CNS  infection  are  also  observed  in  rhesus  macaques,  such  as  the  
observation  of  compartmentalized  CSF  populations,  SIV  infections  in  macaques  could  
provide  an  animal  model  system  for  studying  CNS  infections,  allowing  us  to  explore  
beyond  our  limitations  in  human  hosts.      
In  our  study,  we  analyzed  the  viral  dynamics  between  the  blood  plasma  and  CSF  
over  the  full  course  of  infection  in  three  SIVsm  E660  and  six  SIVsm  E543  infected  rhesus  
macaques.    Out  of  the  nine  macaques,  we  observed  slow  (or  no)  disease  progression  in  four  
macaques,  rapid  disease  progression  in  one  macaque,  and  average  disease  progression  in  
four  macaques.    In  the  one  macaque  with  rapid  disease  progression,  HTA  and  SGA  analysis  
showed  that  over  the  eight-­‐‑week  period  prior  to  euthanasia,  the  viral  populations  within  the  
blood  and  CSF  were  well  equilibrated  between  the  two  compartments.    In  contrast,  in  all  
macaques  with  average  disease  progression,  compartmentalized  CSF  populations  were  
observed,  ranging  from  28%  to  100%  of  the  CSF  variants  being  compartmentalized.    
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Clonally  amplified  CSF  variants  were  also  observed  in  one  macaque,  comprising  most  of  the  
compartmentalized  CSF  population.    Overall,  our  results  show  that  compartmentalized  viral  
populations  can  be  observed  in  SIV  CNS  infection,  providing  further  evidence  that  the  SIV  
model  could  potentially  be  used  to  better  understand  CNS  disease  over  the  full  course  of  
infection.      
Complex  equilibrated  populations  between  the  blood  and  CSF  were  observed  early  
in  the  four  macaques  with  normal  disease  progression,  suggesting  that  the  CSF  
compartment  is  readily  accessible  to  SIVsm  E660  and  SIVsm  E543  variants  replicating  in  the  
periphery.    As  variants  become  established  within  the  CNS,  differences  in  immune  selective  
pressures,  entry  tropism,  and  viral  replication  kinetics  likely  occur,  resulting  in  different  
population  dynamics  between  the  periphery  and  CSF.    Discordant  viral  populations  were  
observed  as  early  as  10  weeks  post  infection  and  continued  throughout  the  full  course  of  
infection,  with  compartmentalized  viral  populations  observed  in  the  CSF  at  40  weeks  post  
infection.    While  all  compartmentalized  populations  were  statistically  significant  in  the  
macaques,  the  nature  of  the  compartmentalization  varied.    For  one  macaque  (21775,  Figure  
21A),  the  distinct  CSF  population  was  comprised  primarily  of  a  clonally  amplified  lineage.    
Clonal  amplification  has  been  observed  in  HIV-­‐‑1  subtype  B  and  C  CNS  infections  in  adults  
(283,  284)  and  children  (317),  and  has  also  been  observed  in  analysis  of  the  male  (11)  and  
female  (Dukhovlinova  et  al.,  in  preparation)  reproductive  tract,  indicating  the  potential  for  
clonal  amplification  to  occur  in  privileged  compartments.    Two  
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Figure  20B  and  21787,  Figure  21B)  had  compartmentalized  populations  within  the  CSF  
making  up  56%  and  28%  of  all  CSF  variants  sampled,  indicating  that  there  was  still  some  
spillover  between  virus  in  the  blood  into  the  CSF  occurring  at  the  same  time  independent  
viral  replication  was  occurring  in  the  CNS.    In  contrast,  for  macaque  21789  (Figure  21C),  
100%  of  the  CSF  variants  sampled  were  replicating  in  the  CNS,  indicating  that  any  spillover  
occurring  from  the  blood  into  the  CNS  was  being  obscured  by  the  significant  independent  
replication  within  the  CNS.  
As  distinct  CNS  phylogenetic  states  may  indicate  differences  in  SIV-­‐‑associated  
neurological  involvement,  further  analysis  would  be  valuable  to  determine  if  a  relationship  
existed  between  compartmentalization  and  neurological  biomarkers  in  the  rhesus  
macaques.    Viral  replication  in  the  CNS  results  in  the  local  production  of  inflammatory  and  
neuronal  destruction  molecules  such  as  monocyte  chemoattractant  protein  (MCP-­‐‑1),  
neopterin,  IP-­‐‑10,  and  neurofilament  light  subunit  (NFL).    Production  of  these  inflammatory  
markers  has  been  observed  in  animal  models  (130,  184)  and  has  been  linked  to  HIV-­‐‑1-­‐‑
associated  neurocognitive  damage  in  adults  (58,  85,  129).    In  a  previous  study  (130),  a  
correlation  was  observed  between  the  proinflammatory  cytokine  MCP-­‐‑1  and  discordant  
populations  within  the  blood  and  CSF  (determined  by  HTA),  with  elevated  levels  of  MCP-­‐‑1  
at  end-­‐‑stage  disease  observed  only  when  discordant  viral  populations  were  observed.    
Understanding  the  integrity  of  the  blood-­‐‑brain  barrier  (BBB)  in  the  infected  rhesus  
macaques,  through  markers  such  as  albumin,  would  also  be  valuable,  especially  in  macaque  
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21602  which  had  rapid  disease  progression,  resulting  in  the  macaque  being  euthanized  at  
week  8  p.i.    21602  had  equilibrated  viral  populations  between  the  blood  and  CSF  
compartments,  an  expected  result  as  the  short  duration  of  infection  provided  minimal  time  
for  an  independent  population  to  become  established  within  the  CNS.    Rapid  disease  
progression  in  this  macaque  may  have  resulted  in  a  breakdown  of  the  BBB,  increasing  the  
spillover  of  virus  from  the  blood  into  the  CSF,  again  maintaining  the  genetic  similarity  
between  the  blood  plasma  and  CSF.      
Unlike  in  humans,  where  direct  sampling  of  brain  tissue  is  available  only  once  (at  
biopsy  or  autopsy),  a  significant  advantage  of  the  non-­‐‑human  primate  model  is  the  ability  to  
sample  any  region  of  the  brain  throughout  the  course  of  infection.    Previous  work  from  our  
lab  studying  the  dynamics  of  SIV  populations  within  the  blood  and  CSF  of  SIVsm  E660  
macaques  (130)  analyzed  the  trafficking  of  monocytes  and  macrophages  into  the  brain,  a  
common  feature  of  SIV-­‐‑  and  HIV-­‐‑1-­‐‑associated  neurological  disease  (116,  166,  339,  346).    The  
authors  stained  paraffin-­‐‑embedded  sections  of  the  caudate  nucleus  and  overlying  frontal  
cortex  with  an  antibody  to  CD68,  which  specifically  stains  macrophages,  and  counted  
stained  cells  in  the  cortex,  subcortical  white  matter,  and  caudate.    While  little  to  no  staining  
was  observed  in  macaques  with  concordant,  or  equilibrated,  CSF  and  blood  populations,  a  
moderate  number  of  CD68+  cells  were  observed  in  the  macaque  with  discordant,  or  
compartmentalized,  CSF  and  blood  populations,  with  the  most  intense  staining  localized  to  
the  caudate  and  subcortical  white  matter,  regions  often  afflicted  in  patients  with  HAD  (15,  
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122).  Paraffin-­‐‑embedded  sections  were  collected  from  various  regions  of  the  brain  for  all  
rhesus  macaques  studied  in  this  analysis.    Regions  sampled  varied  between  macaques  but  
included:  choroid  plexus,  caudate  nucleus,  cortex  (white  matter),  cerebellum  (white  matter),  
thalamus,  brainstem,  frontal  lobe,  spinal  cord,  occipital  lobe,  pons,  pituitary,  and  midbrain.    
While  three  macaques  was  not  a  sufficient  sample  size  to  fully  determine  the  relationship  
between  independent  viral  replication  in  the  CSF  and  infiltration  of  macrophages,  our  study  
provides  additional  macaques  to  increase  the  sample  size  of  the  previous  study  and  help  
determine  if  this  correlation  is  more  generalizable  to  SIV  CNS  infection.      
Overall,  we  provide  evidence  that  genetically  distinct,  compartmentalized  CSF  
populations  are  found  during  both  SIVsm  E660  and  SIVsm  E543  infections  in  macaques,  
similar  to  what  is  observed  in  HIV-­‐‑1  infection  in  humans.    While  HIV-­‐‑1  CSF  
compartmentalization  has  been  observed  is  relation  to  a  spectrum  of  neurological  disorders,  
from  asymptomatic  primary  infection  to  HAD,  a  longitudinal  link  has  not  yet  been  made.    
Therefore,  understanding  any  relationships  between  CSF  compartmentalization  and  SIV-­‐‑
associated  neurological  disorders  would  further  our  understanding  of  both  SIV  and  HIV-­‐‑1  
neuropathogenesis  and  help  determine  if  detection  of  compartmentalized  CSF  variants  may  
identify  subjects  with  a  higher  risk  of  developing  HIV-­‐‑1-­‐‑associated  neurological  
complications.    
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MATERIALS AND METHODS 
  
Viruses, animals, and specimen collection 
The  SIVsm  E660  (139)  and  SIVsm  E543  (137)  challenge  inoculums  were  previously  
isolated.    Nine  rhesus  macaques  were  infected  as  previously  described  (130).    Briefly,  
macaques  were  challenged  intravenously  (iv)  via  the  sapheneous  vein  with  ~50  ID50U  of  
either  SIVsm  E660  (21602,  21739,  21783)  or  SIVsm  E543  (21740,  21775,  21787,  21789,  21861,  
and  21906)  (i.e.  50  times  the  50%  macaque  infection  does.)    Blood  plasma  and  CSF  were  
collected  (on  the  same  day)  before  challenge,  every  two  weeks  for  approximately  the  first  
three  months  of  infection,  and  every  four  weeks  thereafter,  up  to  week  74,  or  end-­‐‑stage  
disease.    Macaques  were  euthanized  at  end-­‐‑stage  disease,  determined  by  severe  weight  loss,  
diarrhea  and/or  wasting.    No  CSF  obtained  via  a  traumatic  lumbar  puncture  (i.e.  with  risk  of  
blood  contamination)  was  used.    Blood,  CSF  and  brain  tissue  was  harvested  at  autopsy  and  
immediately  fixed  and  frozen.    All  animal  care  was  preformed  at  Columbus,  Ohio,  
Children’s  Research  Institute  in  accordance  with  institution  guidelines.      
  
Viral RNA isolation 
SIVsm  E660  and  SIVsm  E543  RNA  was  isolated  from  blood  plasma  and  CSF  samples  
as  previously  described  for  extraction  of  HIV-­‐‑1  (285).    Briefly,  in  order  to  increase  template  
number  and  improve  sampling,  0.2-­‐‑0.5  mL  of  blood  plasma  and  CSF  samples  were  first  
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pelleted  via  ultracentrifugation  at  25,000xg  for  1.5  hours  at  4oC.    Following  centrifugation,  
all  but  140  µμL  of  the  blood  plasma  and  CSF  supernatant  was  removed  and  stored  at  -­‐‑80oC  
for  biomarker  analysis.    All  virus  pellets  were  then  re-­‐‑suspended  in  the  remaining  140  µμL  
and  viral  RNA  was  isolated  from  blood  plasma  and  CSF  samples  using  the  QIAmp  Viral  
RNA  Mini  kit  (Qiagen).      
  
RT-PCR and HTA analysis 
RT-­‐‑PCR  targeting  the  V1/V2  region  of  env,  and  V1/V2  env  HTA  were  preformed  as  
previously  described  (266).    Briefly,  10  µμl  of  isolated  RNA  was  used  in  a  RT-­‐‑PCR  reaction  
targeting  V1/V2  using  the  one-­‐‑step  RT-­‐‑PCR  kit  (Qiagen)  according  to  the  manufacturer’s  
instructions.    Generated  RT-­‐‑PCR  products  were  then  analyzed  by  HTA  using  a  single-­‐‑
stranded,  35S-­‐‑labeled  V1/V2  DNA  probe  based  on  the  SIVsm  H4  molecular  clone  (130,  138,  
266).    In  order  to  increase  our  confidence  in  the  generated  banding  patterns  and  validate  
sampling  quality,  we  completed  two  independent  RT-­‐‑PCR  and  HTA  analyses  for  each  blood  
plasma  and  CSF  specimen.    Only  results  with  reproducible  banding  patterns  were  used  in  
this  study.      
  
Single genome amplification 
After  viral  RNA  extraction,  10  µμl  of  viral  RNA  was  reverse  transcribed  using  
Superscript  III  Reverse  transcriptase  (Invitrogen)  and  an  oligo-­‐‑d(T)  primer  according  to  the  
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manufacturer’s  instructions.    Single  genome  amplification  (SGA)  of  the  full-­‐‑length  HIV-­‐‑1  
env  gene  through  the  end  of  gp41,  gp160  was  conducted  as  previously  described  (272).    
Briefly,  cDNA  was  endpoint  diluted  and  nested  PCR  was  completed  using  Platinum  Taq  
High  Fidelity  polymerase  (Invitrogen)  and  the  primers  SIVoutF  (5'-­‐
CTCAGAATTGGCAGTCAATATCACAG-­‐3';	  nt	  6129-­‐6148)	  and  SIVoutR  (5'-­‐
TGTCTCTTGACCACATCCAACAGCT-­‐3';	  nt	  9478-­‐9499),  and  SIVinF  (5'-­‐
ATCACAGAGGCTTTTGATGCTTGG-­‐3';	  nt	  6307-­‐6327)	  and  SIVinR  (5'-­‐
GTTGCTGTTGCTGCACTATCCCAGC-­‐3';	  nt	  9437-­‐9459)  were  used  for  the  first  and  second  rounds  of  
PCR,  respectively.    Full-­‐‑length  env  PCR  amplicons  were  then  bi-­‐‑directionally  sequenced  (nt  
6530-­‐‑9341)  and  analyzed.    Chromatograms  with  double  peaks,  indicating  amplification  from  
more  than  one  cDNA  template,  as  well  as  sequences  with  frameshift  mutations  resulting  in  
premature  stop  codons,  were  excluded  from  analysis.  
  
Phylogenetic analysis of env viral sequences 
DNA  sequences  alignments  of  env  genes  were  performed  using  ClustalW  (323).    
Sequences  for  each  subject  were  codon  aligned  (MEGA  4.0)  and  phylogenetic  trees  were  
generated  using  neighbor-­‐‑joining  method  (MEGA  4.0)  (319).    Compartmentalization  of  viral  
sequences  was  assessed  visually  based  on  the  phylogenetic  tree  structure,  as  well  as  
statistically  using  the  Slatkin-­‐‑Maddison  test  for  gene  flow  (298)  available  through  HyPhy  
(244)  using  10,000  permutations.  
  153  
Table  5:  Summary  of  HTA  and  SGA  analysis  
Macaque'ID SIVsm
Disease'
Progressiona
HTA CNS'Compb %'Compc
S<M''''''''''''''
P<valued
21602 E660 rapid Concordant Eq 0 0.1
21739 E660 slow N/A N/A N/A N/A
21783 E660 normal discordant Comp 56 <0.0001
21740 E543 slow N/A N/A N/A N/A
21775 E543 normal discordant Comp,'Amp 32 0.006
21787 E543 normal discordant Comp 28 0.003
21789 E543 normal discordant Comp 100 <0.0001
21861 E543 slow N/A N/A N/A N/A
21908 E543 slow N/A N/A N/A N/A   
aDisease  progression  based  on  plasma  viral  RNA  load.  
bSIV   population   characteristics   in   the   CSF   compartment   (Compart).      Eq,   equilibrated  
blood  plasma  and  CSF  populations;  Comp,  significant  compartmentalization  in  the  CSF;  
Amp,  clonal  amplification  of  ≥3  variants  detected  in  the  CSF;  N/A,  not  applicable  when  
the   plasma   and/or   CSF   viral   load   was   too   low   to   obtain   enough   CSF   env   sequences  
(determined  by  HTA  analysis).  
  cThe  percent  of  CSF  env  sequences  that  were  compartmentalized  (Comp)  for  each  subject.    
CSF  env   sequences  were  considered  compartmentalized  when  ≥4  sequences  were  found  
within  the  same  clade  and  bootstrap  values  ≥50  were  observed.    
dP  values  used  to  measure  genetic  compartmentalization  between  the  blood  plasma  and  
CSF  HIV-­‐‑1   populations  were   obtained   using   the   Slatkin-­‐‑Maddison   (S-­‐‑M)   test   for   gene  
flow  between  populations  (298).    A  P  value  <0.05  indicated  statistically  significant  genetic  
compartmentalization  in  the  CSF.  
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Figure  18:  Plasma  viral  RNA  copies/mL  indicate  various  types  of  disease  progression  
Plasma  viral  RNA  load  (log  copies/mL)  for  all  9  rhesus  macaques  on  week  0,  2,  4,  6,  8,  12,  
16  and  24  post  infection.  
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Figure  19:  HTA  analysis  over  the  full  course  of  infection  shows  discordant  viral  
populations  
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Longitudinal  V1/V2  HTA  analysis  of  SIVsm  E660  and  SIVsm  E543   in   the  blood  plasma  
and  CSF  of  9  infected  rhesus  macaques  over  the  full  course  of  infection  (week  2  through  
week  40,  when  available).     The  macaque  IDs  are  indicated  above  the  HTA  gel  image,  as  
well   as   the  weeks   p.i.      HTA   gels   were   completed   in   replicates;   only   one   reproducible  
replicate  shown.  
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Figure  20:  Equilibrated  and  compartmentalized  populations  observed  SIVsmE660  
infection  
Neighbor-­‐‑joining   phylogenetic   trees   from   two   SIVsm   E660   infected   macaques.   env  
sequences  from  the  CSF  are  labeled  with  circles  (C,  colors  designated  in  figure)  and  env  
sequences   from   the   blood   plasma   are   labeled   with   triangles   (P,   colors   designated   in  
figure).     Weeks   p.i.   for   each  macaque   are   noted   adjacent   to   the   corresponding   symbol.    
Bootstrap   values   ≥50   are   indicated   (*)   at   the   appropriate   nodes.      Genetic   distance   is  
indicated   at   the   bottom   of   each   figure   (0.001)   and   indicates   the   number   of   nucleotide  
substitutions   per   site   between   env   sequences.      Compartmentalized   populations   are  
indicated   by   open   black   circle   and   solid   blue   bar.      (A)   Macaque   21602   with   well  
equilibrated  blood  plasma  and  CSF  populations.      (B)  Macaque  21783  demonstrating  the  
presence   of   a   statistically   significant   compartmentalized   population   within   the   CSF  
relative  to  the  blood,  as  assessed  using  the  Slatkin-­‐‑Maddison  test  (298).  
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Figure  21:  Significant  compartmentalization  observed  in  SIVsm  E543  infections  
Neighbor-­‐‑joining   phylogenetic   trees   from   three   SIVsm   E543   infected   macaques.   env  
sequences  from  the  CSF  are  labeled  with  circles  (C,  colors  designated  in  figure)  and  env  
  159  
sequences   from   the   blood   plasma   are   labeled   with   triangles   (P,   colors   designated   in  
figure).     Weeks   p.i.   for   each  macaque   are   noted   adjacent   to   the   corresponding   symbol.    
Bootstrap   values   ≥50   are   indicated   (*)   at   the   appropriate   nodes.      Genetic   distance   is  
indicated   at   the   bottom   of   each   figure   (0.001)   and   indicates   the   number   of   nucleotide  
substitutions   per   site   between   env   sequences.      Compartmentalized   populations   are  
indicated  by  open  black  circle  and  solid  blue  bar.     Clonal  amplification   is   indicated  by  
solid  black  bar.    (A)  Macaque  21775  (B)  21787  and  (C)  21789  demonstrating  the  presence  of  
a   statistically   significant   compartmentalized   population  within   the   CSF   relative   to   the  
blood,  as  assessed  using  the  Slatkin-­‐‑Maddison  test  (298).  
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CHAPTER V.  DISCUSSION AND FUTURE DIRECTIONS 
  
The  main  objective  for  this  dissertation  was  to  discern  the  viral  characteristics  
associated  with  early  CNS  infection  prior  to  the  initiation  of  therapy.    In  Chapters  Two  and  
Three,  using  sensitive  techniques  such  as  single  genome  amplification,  sequence,  and  
phylogenetic  analysis  of  the  full  length  viral  env  gene,  I  assessed  HIV-­‐‑1  genetic  
compartmentalization  between  viral  populations  in  the  peripheral  blood  and  CSF  early  
following  transmission  in  two  ART-­‐‑naïve  patient  cohorts:  Malawian  children  three  years  of  
age  or  younger  (Chapter  Two);  and  adults  infected  for  less  than  two  years  (Chapter  Three).    
I  was  also  able  to  examine  the  generation  of  compartmentalization  in  SIV-­‐‑infected  macaques  
in  Chapter  Four,  expanding  on  our  understanding  of  primate  models  as  tools  to  study  HIV-­‐‑
1  CNS  infection.  
In  Chapter  Two  I  showed  that  CNS  compartmentalization  could  occur  in  the  CSF  of  
HIV-­‐‑1  subtype  C  infected  young  children  in  Malawi,  with  a  significant  relationship  
observed  between  older  age  and  compartmentalization.    I  showed  in  Chapter  Three  that  
compartmentalized  CSF  populations  could  be  observed  early  in  infected  adults,  with  
significant  compartmentalization  present  with  a  longer  time  since  HIV-­‐‑1  exposure.    My  
results  indicate  that  a  longer  time  since  transmission  provides  a  greater  opportunity  for  the  
establishment  of  independent  replication  within  the  CNS,  although  this  was  happening  
within  the  time  frame  of  the  first  one  to  three  years.    More  extensive  longitudinal  studies  
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will  be  necessary  to  examine  how  compartmentalization  evolves  over  time  and  whether  
early  CNS  replication  influences  later  neurological  outcomes.    
Longitudinal  samples  were  available  for  the  adult  primary  infection  study,  enabling  
us  to  examine  CSF  viral  population  dynamics  within  individual  subjects  over  a  period  of  up  
to  two  years.    We  were  able  to  show  that  roughly  20%  of  subjects  in  the  first  two  years  of  
infection  displayed  evidence  of  supporting  viral  replication  within  the  CNS  over  an  
extended  period  of  time,  evidenced  by  intermediate  CSF  compartmentalization,  significant  
CSF  compartmentalization,  or  equilibration  in  the  presence  of  marked  CSF  pleocytosis,  
suggesting  that  the  CNS  was  a  favorable  environment  for  viral  replication  in  these  subjects.    
In  one  subject  (9040)  we  saw  that  compartmentalization  can  be  maintained  and  evolve  
independently  within  the  CNS  over  a  long  period  of  time,  demonstrating  the  dynamic  
nature  of  HIV-­‐‑1  infection  in  the  CNS  early  after  transmission.    To  my  knowledge,  this  is  the  
first  study  to  show  the  maintenance  and  evolution  of  a  compartmentalized  viral  population  
within  the  CNS  over  a  long  duration  of  time  during  primary  infection.        
The  observation  of  significant  compartmentalization  early  following  both  vertical  
and  horizontal  transmission  adds  further  justification  to  the  policy  of  prompt  initiation  of  
antiretroviral  treatment,  especially  in  children.    Early  pediatric  infection  can  have  a  
significant  impact  on  brain  development  and  the  achievement  and  maintenance  of  
developmental  milestones  (327);  therefore  early  therapy  initiation  in  children  to  prevent  
neurologically  harmful  viral  replication  is  crucial.    In  adults,  extensive  independent  HIV-­‐‑1  
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CNS  replication  has  been  linked  to  neurological  complications  such  as  HAD  (132,  258,  285),  
and  as  HIV-­‐‑1  can  persist  in  the  CNS  during  therapy  (243,  287),  the  CNS  provides  a  potential  
immune-­‐‑privileged  reservoir  for  HIV-­‐‑1.    Therefore,  detection  of  compartmentalized  CSF  
variants  during  primary  HIV-­‐‑1  infection  may  identify  subjects  vulnerable  to  developing  
HIV-­‐‑1  associated  neurological  problems  later  in  infection.  
In  previous  compartmentalization  studies,  only  two  CNS  states  were  defined:  
compartmentalized  and  equilibrated.    During  my  analyses,  we  determined  that  a  more  
stringent  classification  was  necessary  to  allow  for  an  intermediate  state  defined  by  minor  
local  CNS  replication.    This  enabled  us  to  more  rigorously  describe  the  viral  dynamics  
between  the  peripheral  blood  and  CSF.    Children  with  an  intermediate  state  were  younger  
than  children  with  significant  compartmentalization.    Additionally,  in  adults,  an  
intermediate  state  was  observed  as  early  as  58  days  post  infection  while  significant  
compartmentalization  was  not  observed  until  later.    I  hypothesize  that  this  intermediate  
state  may  in  some  subjects  be  a  precursor  state  to  significant  local  CNS  replication.    If  true,  
the  intermediate  state  may  identify  subjects  at  risk  of  developing  significant  CNS  replication  
and/or  neurological  complications  as  infection  progresses.    To  understand  whether  such  an  
association  exists,  HIV  researchers  will  need  to  follow  subjects  from  the  early  stages  of  
primary  infection  through  the  chronic  stages  of  disease.  
In  this  dissertation  I  also  expanded  on  our  understanding  of  CNS  
compartmentalization  versus  clonal  amplification.    In  previous  studies,  clonal  amplification  
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and  compartmentalization  in  the  CSF  were  considered  separate  phenomena.    
Compartmentalization  consisted  of  complex  CSF  populations  indicative  of  more  prolonged  
period  of  isolated  replication,  while  clonal  amplification  represented  the  recent  expansion  of  
identical  or  nearly  identical  CSF  populations  of  low  complexity.    Uniquely,  in  my  adult  
cohort,  compartmentalized  CSF  populations  most  often  consisted  of  one  or  more  clonally  
amplified  lineages  with  the  outgrowth  of  recombinants  that  persisted  within  the  CNS.    Only  
in  rare  cases  was  CSF  compartmentalization  exclusively  a  complex  population  with  no  
clonally  amplified  variants,  or  clonal  amplification  exclusively  an  expansion  of  a  single  or  
small  number  of  variants  without  the  generation  of  recombinants  within  the  CNS.    These  
observations  also  help  to  more  stringently  define  the  CNS  condition  during  primary  
infection,  and  may  be  useful  in  future  studies  examining  relationships  between  CNS  
phylogenetic  states  and  neurocognitive  condition.  
I  also  described  our  use  of  the  phylogenetic  tool  BEAST  (78)  to  further  characterize  
early  CNS  infection.    In  Chapter  Two,  BEAST  was  used  to  approximate  the  timing  of  
infection  in  our  pediatric  cohort  and  was  central  to  our  discovery  that  some  children  were  
infected  with  more  than  one  variant.    More  importantly  for  our  objectives,  in  the  majority  of  
these  multiple  variant  transmission  events,  one  of  the  transmitted  variants  was  sequestered  
within  the  CNS,  with  minimal  to  no  recombination  occurring  with  virus  replicating  within  
the  periphery,  generating  two  distinct  viral  linages.    When  we  applied  BEAST  analysis  to  
our  adult  cohort  in  Chapter  Three,  we  found  that  multiple  variant  transmission  events  were  
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also  observed  in  horizontal  transmission,  with  the  sequestration  of  one  transmitted  variant,  
or  its  recombinant,  within  the  CNS  also  observed.    Further  studies  are  needed  to  understand  
the  host  or  virus  characteristics  that  enabled  the  transmitted  variants  to  be  partitioned  in  
such  a  manner.      
In  the  children  and  adults  infected  with  a  single  variant,  we  were  able  to  use  BEAST  
to  determine  when  during  the  course  of  infection  a  compartmentalized  population  was  
established  within  the  CNS.    This  analysis,  together  with  our  examination  of  multiple  
variant  transmission  events,  enabled  us  to  define  two  distinct  pathways  to  
compartmentalization:  the  early  sequestration  of  a  transmitted  virus  in  the  CNS;  and  the  
later  establishment  of  an  independently  replicating  population  within  the  CNS  that  
originated  from  the  periphery.    
Another  objective  of  Chapters  Two  and  Three  was  exploring  the  entry  phenotypes  of  
virus  isolated  early  following  transmission.    It  is  now  widely  described  in  the  literature  that  
macrophage-­‐‑tropic  variants  are  not  transmitted  and  that  the  transmitted  virus  is  R5  T  cell-­‐‑
tropic  (8,  148,  158,  171,  223,  230,  273,  280,  335,  345),  an  understanding  further  supported  by  
my  phylogenetic  analysis  in  Chapter  Three.    This  result  was  somewhat  surprising  for  
subject  9040  in  whom  we  observed  the  maintenance  and  evolution  of  a  single  CSF/CNS  
population  over  a  period  of  1.6  years,  a  viral  population  we  hypothesized  would  have  
adapted  to  grow  within  long-­‐‑lived  cells  within  the  CNS  such  as  macrophages  and/or  
microglia.    Nonetheless,  no  virus  was  able  to  enter  cells  expressing  low  levels  of  CD4  (a  
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surrogate  phenotypic  marker  for  macrophage  tropism),  indicating  that  low  CD4  utilization  
is  acquired  later  during  chronic  infection.  
While  the  CD4  utilization  of  subtype  B  HIV-­‐‑1  has  been  previously  described  (283),  
we  did  not  know  whether  this  was  subtype  specific  or  a  characteristic  of  other  HIV-­‐‑1  
subtypes  such  as  subtype  C.    In  our  pediatric  study,  we  observed  low  CD4  utilization  in  a  
small  percentage  of  both  compartmentalized  and  intermediate  subjects.  This  low  CD4  usage  
was  only  observed  in  the  CSF  compartmentalized  populations,  indicating  a  compartment-­‐‑
specific  adaption.    Additionally,  one  of  the  subjects  was  only  six  months  old,  suggesting  that  
in  children,  this  evolution  can  occur  early  within  CSF/CNS  viral  populations.    To  my  
knowledge,  this  is  the  first  study  to  report  the  detection  of  macrophage-­‐‑tropic  HIV-­‐‑1  
subtype  C  variants.      
Overall,  to  summarize  my  results  from  the  pediatric  cohort,  we  defined  four  states  to  
describe  the  relationship  between  virus  in  the  CNS  and  virus  in  the  periphery  in  these  
young  children,  shown  on  a  time  scale  in  Figure  22  and  described  in  detail  in  Chapter  Two.    
The  four  states  are,  in  brief;  no  genetic  evidence  for  HIV-­‐‑1  replication  in  the  CNS  
(Equilibrated);  minor  compartmentalization  of  a  CNS  viral  population  in  younger  children  
(Intermediate);  strong  evidence  of  genetic  compartmentalization  in  the  CNS  of  older  
children  (Compartmentalized);  and  multiple  variant  transmission  from  mother  to  infant  
resulting  in  one  virus  established  within  the  CNS  shortly  after  transmission  and  a  second  
within  the  periphery  (Sequestration).  
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Unique  to  our  adult  cohort,  we  examined  the  contribution  of  pleocytosis  to  the  CNS  
phylogenetic  state  and  hypothesized  a  complex  relationship  that  could  impact  various  
phylogenetic  states.    Overall,  to  summarize  our  results,  we  defined  four  states  to  define  the  
relationship  between  CNS  viral  load,  pleocytosis,  and  CNS  phylogenetic  state,  described  in  
detail  in  Chapter  Three  (Figure  17).      In  brief,  the  four  states  are;  CSF  viral  load  
proportionally  1-­‐‑2%  the  plasma  viral  load  with  an  equilibrated  CNS  state  and  minimal  CSF  
pleocytosis  (when  the  CSF  viral  load  was  high  enough  for  analysis);  an  equilibrated  CNS  
state  with  high  levels  of  CSF  pleocytosis;  clonal  amplification  of  CSF  populations  of  low  
complexity;  and  genetically  complex  compartmentalized  CSF  populations  indicative  of  
persistent  replication  beyond  a  single  clonal  amplification  event.  
SIV/Rhesus  macaque  models  of  infection  provide  a  unique  opportunity  to  study  
HIV-­‐‑1  CNS  infections  as  macaques  can  be  observed  and  samples  extracted  throughout  the  
duration  of  infection.    Additionally,  brain  tissue  can  be  rapidly  harvested  and  analyzed  in  a  
macaque  study,  removing  a  crucial  limitation  of  studying  CNS  infections  in  humans.    In  
Chapter  Four  I  added  to  the  growing  body  of  literature  of  SIV  CNS  infections  by  exploring  
the  viral  dynamics  between  the  peripheral  blood  and  CNS  in  macaques  over  the  duration  of  
infection.    Overall,  our  results  show  that  compartmentalized  viral  populations  can  be  
observed  in  SIV  CNS  infection,  providing  further  evidence  that  the  SIV  model  could  
potentially  be  used  to  better  understand  HIV-­‐‑1  CNS  disease  and  virus-­‐‑host  interaction.  
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Future  studies  are  needed  to  examine  what  causes  a  transmitted  variant  to  become  
selectively  established  within  the  CNS  shortly  after  transmission.    Previous  studies  have  
reported  that  brain  adapted  HIV-­‐‑1  envelopes  have  enhanced  sensitivity  to  neutralizing  
antibodies  (Nabs)  (81,  192,  306).    While  this  neutralization  sensitivity  is  often  discussed  in  
relation  to  macrophage  tropism  (e.g.  a  more  open/exposed  CD4  binding  pocket),  
transmitted  variants  likely  respond  differently  to  the  immune  system’s  selective  pressures  
and  could  partition  in  different  compartments  based  on  this  distinction.    The  CNS  is  an  
immune-­‐‑privileged  site  where  antibodies  are  not  common.    This  creates  an  environment  
favorable  for  a  neutralization  sensitive  transmitted  variant  compared  to  a  neutralization  
resistant  transmitted  variant  that  can  expand  within  the  periphery.    In  both  patient  cohorts,  I  
could  examine  the  neutralization  sensitivity  of  HIV-­‐‑1  envelopes  from  sequestered  CNS  
lineages  compared  to  lineages  replicating  in  the  periphery  using  either  heterologous  
antibodies,  targeting  areas  such  as  the  CD4  binding  pocket,  or  autologous  antibodies  from  
the  serum.      
While  there  is  no  consensus  on  the  role  maternal  antibodies  play  in  MTCT,  some  
studies  have  shown  that  MTCT  resulted  in  the  selection  for  variants  resistant  to  maternal  
antibodies,  suggesting  a  protective  role  for  these  antibodies  within  the  infant  (30,  167).    This  
passive  maternal  immunity  increases  while  the  infant  is  in  utero  and  is  maintained  through  
breastfeeding.    My  observation  that  variants  can  be  sequestered  within  the  CNS  following  
transmission  in  children  leads  me  to  hypothesize  that  this  may  be  due  to  different  
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sensitivities  to  maternal  antibodies  present  at  the  time  of  transmission.    Further  analysis  of  
mother-­‐‑infant  transmission  pairs  would  be  required  to  explore  this  hypothesis,  a  limitation  
of  the  current  pediatric  study.      
I  could  also  examine  the  number  of  encoded  N-­‐‑linked  glycosylation  sites  on  Env  in  
the  various  transmitted  variants  as  glycosylation  provides  a  potential  glycan  shield  for  
immune  evasion  (312).    Studies  have  shown  that  both  horizontally  and  vertically  
transmitted  variants  generally  have  shorter  variable  regions  and  fewer  glycosylation  sites  
(57,  76,  271,  274,  275).    A  recent  study  by  our  group  concluded  that  the  presence  of  many  
glycosylation  sites  on  the  transmitted/founder  virus  is  variable  and  that  the  absence  of  
glycosylation  sites  may  make  a  virus  vulnerable  to  Env-­‐‑specific  antibodies  (241).    Different  
degrees  of  glycosylation  among  the  transmitted  variants  could  influence  antibody  resistance  
and  cause  a  Nab  sensitive  variant  to  become  established  within  the  CNS.    There  are  
approximately  thirty  glycosylation  sites  spanning  both  the  conserved  and  variable  regions  
of  the  extracellular  domain  of  Env,  providing  various  sites  for  analysis  using  tools  such  as  
N-­‐‑Glycosite  (www.hiv.lanl.gov).    Comparing  glycosylation  sites  in  my  pediatric  cohort,  
especially  since  maternal  serum  is  not  available,  may  hint  at  a  susceptibility/resistance  to  
maternal  antibodies  that  could  influence  an  antibody  sensitive  variant  to  be  maintained  in  
the  immune-­‐‑privileged  CNS.            
Replication  and  fitness  differences  could  also  be  assessed  as  this  may  influence  the  
partitioning  I  observed.    To  do  so,  full-­‐‑length  replication  competent  clones  would  need  to  be  
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generated  from  the  CNS  and  blood  lineages.    I  could  then  examine  the  relative  fitness  of  the  
two  transmitted  variants  in  competition  experiments.    While  the  generation  of  full-­‐‑length  
HIV-­‐‑1  clones  is  extremely  difficult,  this  experiment  would  enable  us  to  look  beyond  
differences  in  envelope  to  explain  why  a  variant  could  so  quickly  become  established  within  
the  CNS  but  is  largely  absence  within  the  periphery.  Competition  experiments  and  an  
analysis  of  the  kinetics  of  virus  replication  and  spread  could  also  be  used  to  examine  T  cell-­‐‑
tropic  versus  macrophage-­‐‑tropic  virus  from  my  pediatric  cohort  to  determine  if  there  is  a  
fitness  consequence  to  acquiring  macrophage  tropism.    If  macrophage-­‐‑tropic  virus  had  
reduced  fitness  compared  to  T-­‐‑cell  tropic  virus  from  the  same  subject,  this  could  potentially  
explain  the  CNS  compartmentalization,  as  the  virus  in  the  CNS  is  not  exposed  to  the  same  
degree  of  immune  surveillance  as  variants  replicating  in  T  cells  within  the  periphery.    
The  previously  discussed  analyses  (neutralization  sensitivity,  number  of  
glycosylation  sites,  fitness,  etc.)  could  also  be  applied  to  examine  the  intermediate  CD4  
utilization  phenotype  observed  in  the  pediatric  cohort.    These  viruses  did  not  have  a  
capacity  to  use  low  densities  of  CD4  comparable  to  our  macrophage-­‐‑tropic  control  virus,  but  
they  did  enter  cells  with  low  levels  of  CD4  with  greater  efficiency  than  our  T  cell-­‐‑tropic  
control  viruses.    Therefore,  a  more  detailed  examination  is  needed  to  determine  if  this  is  in  
fact  a  unique  phenotype  or  should  be  considered  macrophage-­‐‑tropic.    Additionally,  an  
interesting  result  of  our  Affinofile  assay  in  my  adult  cohort  was  that  there  was  some  low  
level  variability  in  the  percent  of  infection  in  CSF  variants  from  compartmentalized  subjects  
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compared  to  equilibrated  or  intermediate  subjects  and/or  all  plasma  variants.    Further  
studies  are  needed  to  determine  if  a  more  open  envelope  conformation,  neutralization  
sensitivity,  co-­‐‑receptor  usage,  etc.,  can  explain  this  variability  that  is  only  observed  in  
compartmentalized  CSF  variants.      
I  find  it  intriguing  that  HIV-­‐‑1  subtype  C  evolved  to  use  low  levels  of  CD4  in  less  
than  two  years  of  infection  within  children,  but  HIV-­‐‑1  subtype  B  did  not  within  two  years  of  
infection  in  adults.    This  may  be  due  to  the  different  CNS  cell  populations  present  in  the  
developing  brain  compared  to  the  mature  brain,  which  could  provide  additional  cell  
populations  vulnerable  to  infection  by  HIV-­‐‑1.    For  example,  amoeboid  (or  activated)  
microglia  are  absent  in  the  adult  brain  but  are  present  at  a  higher  frequency  in  the  
developing  brain  where  they  act  as  scavenger  cells,  removing  debris  and  apoptotic  cells  that  
result  from  normal  brain  development  (110,  126,  260).    Also,  children  have  higher  viral  loads  
compared  to  adults  and  are  likely  to  be  more  immunodeficient  even  during  the  early  stages  
of  infection.    Overall,  we  cannot  conclude  from  our  pediatric  study  that  HIV-­‐‑1  subtype  C  
can  acquire  the  ability  to  utilize  low  levels  of  CD4  early  in  infection,  as  pediatric  infections  
are  very  distinct  from  infections  in  adults.    Therefore,  there  is  still  a  need  to  explore  the  
evolution  of  macrophage  tropism  in  subtype  C  infected  adults.    Only  after  CD4  utilization  is  
observed  in  similar  patient  cohorts  can  we  suggest  whether  this  is  a  subtype  specific  
adaptation  or  the  result  of  infection  in  two  very  distinct  hosts.      
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In  equilibrated  subjects  and  subjects  with  lower  CSF  viral  loads,  we  claim  that  there  
is  little  to  no  replication  occurring  within  the  CNS.    Additionally,  in  subjects  with  high  
levels  of  CSF  pleocytosis,  the  virus  secreted  by  the  infiltrating  CD4+  T  cells  obscures  any  
potential  low-­‐‑level  local  CNS  replication,  resulting  in  equilibration  between  the  
compartments.    Newer,  more  sensitive  phylogenetic  tools,  such  as  deep  sequencing  
technology,  could  be  utilized  to  determine  whether  potentially  important,  low  frequency  
variants  are  present  in  the  CNS  early  in  infection.    These  next-­‐‑generation  sequencing  
techniques  provide  a  rapid  approach  for  characterizing  complex  and  rapidly  evolving  viral  
quasispecies.    As  local  CNS  replication  has  been  linked  with  neurological  complications,  
understanding  the  extent  of  CNS  compartmentalization  and  the  timing  of  establishment  in  
the  CNS  could  be  better  explored  using  these  more  sensitive  phylogenetic  techniques.  
In  contrast  to  analyzing  a  specific  region  of  HIV-­‐‑1,  in  our  case  env,  a  whole  genome  
deep  sequencing  technique  has  recently  been  described  that  is  able  to  rapidly  and  
sensitively  sequence  across  the  whole  HIV-­‐‑1  genome  for  population-­‐‑scale  genetic  analyses  
(136).    When  applied  to  longitudinal  samples,  this  technique  allows  for  characterization  of  
the  earliest  signs  of  immune  adaptation  and  identification  of  early,  low  frequency  escape  
variants.    If  we  applied  this  new  technique  to  our  analyses  comparing  blood  and  CNS  
variants,  we  could  analyze  subjects  with  various  phylogenetic  states  to  determine  whether  
these  states  (e.g.  equilibration  versus  an  early  sequestration  and/or  compartmentalization)  
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are  influenced  by  early  viral  adaptations,  or  a  lack  thereof,  not  detected  by  conventional  
sequencing  approaches.      
An  examination  of  whether  the  presence  of  early  CNS  replication  begins  the  process  
towards  neurological  compromise  should  also  correspond  to  a  parallel  examination  of  
whether  a  lack  of  early  CNS  viral  burden  influences  the  long-­‐‑term  trajectory  of  CNS  HIV-­‐‑1.    
This  analysis  would  help  us  determine  if  an  early  CNS  state  predicts  later  CNS  compromise  
or  is  merely  a  snapshot  of  what  is  occurring  in  the  brain  at  a  point  in  time  but  does  not  
predict  later  neurological  complications.    Further  studies  will  be  necessary,  beginning  when  
a  subject  is  in  the  earliest  stages  of  acute  infection  and  continuing  longitudinally,  to  explore  
what  is  occurring  in  the  situation  where  the  viral  load  in  the  CSF  is  low  despite  a  high  
plasma  viral  load,  a  condition  observed  in  some  subjects  in  my  adult  study.    This  phenotype  
has  been  observed  in  other  acute  infection  studies  (308).      
Altered  concentrations  of  CSF  biomarkers,  such  as  NFL,  neopterin,  MCP-­‐‑1,  and  IP-­‐‑10  
have  been  associated  with  neurodegenerative  processes  (58,  85,  129,  232),  and  while  these  
biomarkers  have  been  associated  with  CNS  inflammation  and  the  development  of  
neurological  disorders  in  chronic  and  late  stage  HIV-­‐‑1  infection,  their  effects  in  pre-­‐‑
symptomatic  primary  infection  have  also  been  described  (308).    Supernatants  were  stored  
for  all  analyzed  samples  from  my  pediatric,  adult,  and  macaque  studies.    An  analysis  of  
biomarkers  is  a  crucial  next  step  in  the  examination  of  early  CNS  infections,  as  there  is  still  a  
need  to  determine  the  state  of  BBB  integrity  in  subjects  early  and  whether  there  is  an  
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association  between  compartmentalization  and  abnormal  biomarker  concentrations  early  
that  could  lead  to  neurological  complications.    
During  HIV-­‐‑1  infection  in  humans,  analysis  of  brain  tissue  is  possible  once,  at  
autopsy  or  biopsy.    Therefore,  we  rely  heavily  on  the  CSF  to  study  HIV-­‐‑1  CNS  infection.    
Currently  there  is  minimal  understanding  of  where  in  the  brain  HIV-­‐‑1  replication  is  
occurring,  but  this  is  of  critical  importance  as  the  region  of  infection  will  likely  influence  the  
degree  of  neurological  damage  and,  subsequently,  neurological  disease.    In  my  SIV/rhesus  
macaque  study,  paraffin-­‐‑embedded  sections  of  various  regions  of  the  brain  are  available  for  
analysis.    Several  studies  of  other  neurotropic  viruses  (19,  49,  211,  330)  as  well  as  SIV  (51,  74)  
have  been  able  to  detect  viral  nucleic  acid  in  tissue  using  in  situ  hybridization  techniques.    In  
my  rhesus  macaque  study  I  could  examine  viral  nuclei  acid  in  formalin-­‐‑fixed  paraffin  
embedded  sections  of  the  brain  by  in  situ  hybridization  using  cloned  and  radiolabeled  
complementary  DNA  viral  gene  specific  probes  (riboprobes).    As  the  rhesus  macaques  in  
my  study  had  varying  degrees  of  disease  progression  and  phylogenetic  states,  I  could  
explore  whether  the  location  of  viral  replication  in  the  CNS  is  related  to  disease  progression  
and/or  the  presence/absence  of  compartmentalization.    Additionally,  an  understanding  of  
where  SIV  replication  is  occurring  in  the  brains  of  infected  macaques  could  guide  further  
studies  exploring  HIV-­‐‑1  replication  in  humans.    
Neurological  complications  continue  to  persist  despite  treatment  and  eradication  of  
potential  HIV-­‐‑1  reservoirs,  such  as  in  the  CNS,  is  one  of  several  critical  steps  towards  a  cure  
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for  HIV.    Our  understanding  of  the  extent  of  HIV-­‐‑1  replication  in  the  brain  and  the  
consequences  of  such  replication  is  ever  expanding,  but  much  about  this  process  is  still  
unknown,  especially  in  the  arena  of  how  early  CNS  involvement  impacts  later  neurological  
outcomes.    Future  longitudinal  studies  are  imperative  to  understand  the  evolutionary  
events  leading  to  significant  CNS  viral  burden,  and  whether  local  replication  early  predicts  
neurological  complications  later  during  infection.    Recent  technological  advances  such  as  
deep  sequencing  provide  an  opportunity  to  explore  CNS  viral  populations  with  greater  
sensitivity  than  was  possible  previously.    Additionally,  a  more  thorough  understanding  of  
what  characteristics,  such  as  neutralization  sensitivity  or  glycosylation,  result  in  a  
transmitted  variant  or  compartmentalized  population  being  better  suited  for  replication  in  
the  CNS  would  help  drive  future  therapeutic  applications  in  both  children  and  adults  
infected  with  HIV-­‐‑1.      
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Figure  22:  Four  states  to  describe  the  relationship  between  virus  in  the  CNS  and  virus  in  
the  periphery  in  young  children  
Blood   and   CSF/CNS   compartments   are   indicated   as   well   as   time   post   vertical  
transmission.    Blood  plasma  viral  variants  are  represented  by  the  red  virus  particles;  and  
CNS   viral   variants   are   represented   by   the   blue   virus   particles.      CD4+   T   cells   are  
represented   by   open   circles   and   macrophages   by   irregularly   shaped   cells.      Arrows  
indicate  direction  of  virus  movement  between  and  within  compartments.    The  following  
states  are  depicted:    
EQUILIBRATED:  State  with  no  genetic  evidence  for  HIV-­‐‑1  replication  in  the  CNS.    
INTERMEDIATE:      State   that   occurs   prior   to   18   months   of   age   and   involves   minor  
compartmentalization  of   the  CSF  viral  population,   suggesting   some   local   replication   in  
the  CSF/CNS.    Some  evidence  for  the  initial  evolution  of  virus  that  can  use  lower  levels  
of   CD4,   potentially   on   a   path   to   becoming   macrophage-­‐‑tropic.  
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COMPARTMENTALIZED:  State   that  occurs   in  about  half  of   the  children  older   than  18  
months  of  age,  and  in  this  state  the  viral  population  in  the  CSF  shows  strong  evidence  of  
genetic   compartmentalization,   indicative   of   local   replication   and   evolution   within   the  
CNS.      Evidence   of   variants   that   had   evolved   to   use   low   levels   of   CD4      are   observed,  
presumably  now  growing  in  macrophages  and/or  microglia  within  the  CNS.    
SEQUESTRATION:   State   that   involves   multiple   variant   transmissions   from  mother   to  
infant  of  which  one  variant  preferentially  replicates  in  the  CNS  and  another  replicates  in  
the  periphery.    
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